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ABSTRACT 
Water-logging can be detrimental to soybean growth and development; effects range from 
chlorosis and stunting to yield loss and plant death. Soybean response to, and the effects of, water-
logging are dependent on the growth-stage of the plant at the initiation of water-logging. The 
objectives of this study were to screen a diverse soybean germplasm collection for water-logging 
tolerance (WLT) at both the V5 and R1 growth stage and to develop a method to screen soybean 
for WLT in greenhouse. One hundred thirty five genotypes consisting of historical genotypes, PIs, 
drought and WLT tolerant breeding lines were screened for WLT in Stuttgart, Arkansas during the 
2009 and 2010 growing seasons. Plots were laid out in a split-plot experimental design, soybean 
were planted into a Dewitt silt loam. Water-logging stress was applied through the pulling of soil 
levees around each whole-plot factor. WLT for genotypes was assessed using a 0 to 9 visual rating 
based on severity of plot damage with 0 being no damage and 9 being 90% of the plot severely 
damaged to plot death.  Differences in WLT ratings were significant in both 2009 and 2010, 
despite different weather conditions in 2009 and 2010 the genotype Young was identified as 
tolerant across growth stage and year. However, growth stage specific tolerance was observed for 
other genotypes in the study. Two greenhouse WLT methodologies were evaluated: Flooding with 
the addition of CO2 to flood water and flooding without the addition of CO2.  Each methodology 
consisted of six genotypes thee identified as tolerant and three as susceptible, however, not all 
genotypes were used in both methods.  Screening soybean for WLT under flooded conditions with 
CO2 added to the flood water produced visual symptoms that best represented the effect of water-
logging in the field environment with  visual ratings  strongly correlating (r=0.926) with ratings 
from the 2010 field screening. Identification of WLT genotypes, the observation of growth stage 
specific tolerance and the development of a greenhouse screening methodology will aid plant 
breeders in developing WLT cultivars. 
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CHAPTER 1 
GENERAL INTRODUCTION AND LITERATURE REVIEW 
1 
I.  LITERATURE REVIEW 
 
General Introduction 
Soybean (Glycine max) is an economically important crop in the United States.  Soybean is the 
largest source of protein in livestock feed and the second largest oil crop in the world (USDA 
ERS, 2014). Currently, the United States is the largest producer and second largest exporter of 
soybean in the world. The United States produced 89,507 thousand metric tonnes of soybean in 
2013, of which 43,545 thousand metric tonnes were exported (National Agricultural Statistics 
Service, 2014). Most soybean production in the United States is concentrated in the upper 
Midwest; however, a historically and economically important region for soybean production in 
the U.S. is located in the southern part of the Mississippi River Delta. Among the states located 
within the delta region, Arkansas produces the greatest amount of soybean (National 
Agricultural Statistics Service, 2014). 
In 2013, 1.34 million hectares of soybean were grown in Arkansas, and yields averaged 2,424 
kg/ha within the state. Soybean production in Arkansas is concentrated in the Mississippi Delta 
Region, within the Mississippi Alluvial Plain. Twenty counties within the Mississippi Delta 
Region annually produce soybean in excess of 54 million kg of soybean per county (Arkansas 
Agricultural Statistics, 2014). 
Rice Soybean Rotation 
Soybean in the mid-south is commonly produced in rotation with rice (Oryza sativa L.) 
because of the benefits of the rotation. In 1:1 and 2:2 rice-soybean rotations both rice and 
soybean have greater yields than continuous rice or soybean production (Kurtz et al., 1993). 
Kurtz et al. (1993) also noted that soybean following rice in a rotation has an average yield 
increase of 625.4 kg/ha.  
Rice in the Mississippi Alluvial Plain is grown on relatively flat fields many of which are 
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shaped and graded to accommodate flood irrigation (Snyder and Slaton, 2001). Raised soil 
levees are pulled to divide the production field into smaller, more uniform paddies whose flood 
depth is regulated at a depth of 5 to 10 cm through the use of levee gates (Snyder and Slaton, 
2001). Arkansas producers growing rice in rotation with soybean have implemented flood 
irrigation methods in soybean production because equipment previously procured for rice 
production is readily available.  
Causes of Water-logging 
In Arkansas the most common irrigation methods are flood irrigation and row-and-furrow 
irrigation in soybean production (Hill et al, 2003).   Flood irrigation in soybean is commonly 
undertaken using contour-flood-irrigation or straight-levee-flood irrigation. In contour-flood-
irrigation soil levees are pulled at similar elevations throughout an ungraded field (Heatherly 
and Spurlock, 2000). Alternately, in straight-levee-irrigation, levees are pulled perpendicular to 
the slope; this is done in order to collect water in graded areas for effective drainage (Heatherly 
and Spurlock, 2000).  In both methods levees are used to separate areas of different elevations 
into smaller more uniform areas allowing for flood irrigation to be applied at a more consistent 
depth and duration.  However, regardless of what flood irrigation method is used, inundation of 
low spots (areas of lower elevation in the field) can occur, resulting in water-logged soil 
conditions (Heatherly and Spurlock, 2000).  
With the proliferation of field grading and the introduction of poly-pipe, which decreases the 
labor requirements of row-and- furrow irrigation, the occurrence of row-and- furrow irrigation 
has increased in the Mississippi Delta Region and is now the most common irrigation method 
used in Arkansas soybean production (Hill et al, 2003). Although row-and-furrow irrigation is 
generally implemented on fields graded to facilitate adequate drainage; it should be noted that 
excessive irrigation can result in low parts of the field becoming inundated, or waterlogged. 
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Water-logging can also occur outside of and in concert with irrigation regimes through: 
fluctuations of water tables (Stanley et al., 1980), a stream or river overflowing its basin 
(Sullivan et al., 2001), or through heavy rainfall onto a field without adequate drainage 
(Linkemer, Board, et al., 1998). Moderate to heavy rainfall onto a well-drained field does not 
necessitate water-logging. However, fields that have recently been irrigated are more likely to 
become water-logged due to the soil being closer to saturation (Heatherly and Spurlock, 1993). 
Linkemer et al., (1998) notes that 3 to 5cm of rainfall onto poorly drained soils results in 
decreased growth rates in soybean.  Heatherly and Spurlock (1993) observed decreased 
soybean yield when unseasonably high amounts of rain occurred after irrigation was 
implemented in 1989, as compared to drier years during their study.   
Effects of Water-logging 
Water-logged soil conditions have been shown to produce stress in soybean. Symptoms of 
water-logging stress include poor germination (Wuebker et al., 2001), chlorosis, root death, 
decreased nodulation, decreased yield, decreased biomass, fluctuation of nutrients within the 
plant, and plant death (Linkemer et al., 1998; Sallam and Scott, 1987a; Sullivan et al., 2001). 
Water-logging stress, on soybean, is multifaceted involving complex interactions between 
soybean plants, the chemical properties of the soil, the microorganisms contained within the 
soil, and weather conditions. Noted mechanisms of stress resulting from water-logged 
conditions include: decreased soil O2 concentrations (Araki, 2006; Russell et al., 1990; 
Vartapetian and Jackson, 1997; Jackson and Drew, 1984), increased soil CO2 concentrations 
(Boru et al., 2003; Araki, 2006), changes in nutrient availability (Scott and Sallam, 1987; 
Board, 2008), and increased susceptibility to soil-borne pathogens (Kirkpatrick et al., 2006; 
Helms et al., 2007; Troedson et al., 1991). 
Mechanisms of Water-logging Stress 
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Soil O2 Concentrations 
As soil becomes water-logged, water fills the pore space and expels the contained gasses (N, 
O2, and CO2) to the surface (Ponnamperuma, 1972). Oxygen remaining within the soil is 
depleted by cellular respiration of microorganisms and roots within 6 to 10 h (Scott and Evans, 
1955). Bennett and Albrecht (1983) observed dark coloration and a strong H2S odor from soil 
that had been submerged in plastic pots for 25 d (Bennett and Albrecht, 1983). The soil 
coloration and odor suggest that the soil was in an anaerobic state during the flood treatment 
(Bennett and Albrecht, 1983). However, Ponnamperuma (1972) notes that a submerged or 
saturated soil “ is not uniformly devoid of oxygen” and that a few millimeters of soil in contact 
with the oxygenated flood water may have high concentrations of O2 (Ponnamperuma, 1972). 
In soybean production, nitrogenase is an enzyme that catalyzes nitrogen fixation in the bacteria 
Rhizobium japonicum within special root structures called nodules (Linderman et al., 2003; 
Peters et al., 1995). Being that soybean is a legume, fields in production are not fertilized with 
nitrogen prior to or during the growing season. Therefore, soybean production is dependent on 
the Rhizobium japonicum to provide adequate plant-available nitrogen for growth, 
development, and reproduction (Sloger, 1969; Harper, 1974). Bacanamwo and Prucell (1999a) 
note that there is evidence to support that “nitrogen fixation is the limiting factor” in water-
logged soybeans.  
Decreased O2 levels have been observed to inhibit nitrogenase activity (Bennet and Albrect, 
1984). Bennet and Albrecht (1984) observed that nitrogenase activity immediately decreases 
after soil becomes water-logged. Nitrogenase activity under water-logged conditions has been 
demonstrated to decrease by as much as 89%, resulting in a 54% reduction of total plant N 
(Bacanamwo and Purcell, 1999a). Decreased nitrogenase activity has also been linked to 
decreased biomass (Bacanamwo and Purcell, 1999a). Bacanamwo and Purcell (1999a) support 
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this relationship noting that decreases in biomass under water-logged conditions for 21 d is less 
(46%) in plants supplemented with nitrate than those not supplemented (64%).  
During water-logged conditions soybean uptake of nitrogen is negligible and nitrogen within 
the plant is translocated from the leaves to the branches, resulting in chlorosis and leaf 
abscission (Scott and Sallam, 1987a). Rhine et al. (2010) observed that on a Sharkey clay, leaf 
N concentration is negatively correlated with the duration of water-logging.  
However, Rhine et al. (2010) also note that the reduction of leaf N due to water-logging is 
dependent on soil type. They saw a significant reduction of leaf N concentration after 8 dof 
flooding in soybean grown on a Sharkey clay (66.5%), but not soybean grown on a Tiptonville 
silt loam (7.5%) (Rhine et al., 2010). This suggests that the negative of effects of water-logging 
associated with decreased N concentrations are more severe on poorly drained soils, such as 
those common in the Mississippi Alluvial Plain (Rhine et al., 2010; Kirkpatrick et al., 2006)  
The lack of O2 in water-logged conditions has been shown to inhibit root growth and 
nodulation (Jackson and Drew, 1984; Sallam and Scott, 1987b). Salam and Scott (1987b) 
observed a decrease in both root nodulation and total root growth in soybeans grown after 
being subjected to water-logged soil conditions for 7 d.  Sallam and Scott (1987b) also noted 
that while water-logging inhibited root growth and nodulation at both the V1 (first trifoliate 
leaf) and V4 (fourth trifoliate leaf), nodulation resumed after removal of the flood only in the 
V4 growth stage, which suggests that the effects of water-logging on root nodulation is 







Soil CO2 concentrations 
Previous studies have suggested that diminished soil O2 is responsible for decreased biomass 
and reduced yields (Jackson and Drew, 1984); however, Boru et al. (2003) note that the 
absence of O2 during a hydroponic study did not affect plant survival nor produce symptoms 
associated with water-logging. Boru et al. (2003) suggest that elevated CO2 concentration in 
the root zone, not diminished O2, is responsible for the effects of water-logging. Jackson and 
Drew (1984) note that decreased gas exchange in roots surrounded by static water leads to an 
increase in the concentrations of CO2. As plant roots and microorganisms deplete the O2 within 
the soil, the concentration of CO2, the byproduct of cellular respiration, increases to toxic 
levels within the root zone and can account for ~ 50%  (v/v) of the dissolved gas within the soil 
(Araki, 2006; Boru et al., 2003).  
Elevated root zone CO2 concentrations of 30% (v/v) have been observed in response to water-
logging (Boru et al., 2003). Boru et al. (2003) note that elevated CO2 levels in soybean have 
resulted in symptoms associated with water-logging including: leaf chlorosis, inhibited root 
growth, and plant death. Root zone CO2 concentrations >2% inhibit adventitious root 
development; Boru et al. (2003) postulate that the decrease in adventitious root development is 
a result of ethylene binding being inhibited by high levels of CO2 (Boru et al., 2003).  
Elevated levels of CO2 in the root zone reduce soybean productivity by limiting water uptake 
and transpiration (Araki, 2006). Elevated CO2 and low O2 levels have been observed to inhibit 
water uptake by suppressing root hydraulic conductance (LP) (Else et al. 1995). Araki (2005) 
suggests that decreased transpiration and water uptake is a result of CO2 inhibiting “root 
permeability and stomatal aperture”; this is in agreement with Oosterhuis et al. (1990) who 
observed stomatal closing within 48 h of the initiation of water-logging stress.  
Soil respiration, and in turn the CO2 concentrations under water-logged conditions, are 
7 
 
positively correlated with temperature (Bouma et al., 1997). Araki (2006) and Bouma et al. 
(1997) are in agreement that soil respiration and, in turn, soil CO2 are directly affected by soil 
temperature and soil water content. Araki (2006) observed this in August 2003, wherein rain 
following high temperatures greatly increased soil CO2 concentrations (~2kPA to > 6kPA) 
within the soil.   
Nutrient availability 
Nitrogen is the soil nutrient with the greatest effect on yield loss under water-logged soil 
conditions in soybean (Board, 2008).  Nitrogen is involved in amino acid production, 
photosynthesis, and the production and regulation of enzymes. Negligible nitrogen uptake on 
water-logged soils results in a deficiency (Scott and Sallam, 1987a).  In nodulated-soybean 
(nod) up to 22.8 kg/ha of plant available N is produced through symbiotic N-fixation (Weber, 
1966a). Weber (1966a) notes that in order to produce comparable yield in non-nodulated-
soybean (non-nod) an application of 117 kg/ha of N-fertilizer is needed (Weber, 1966a).  
Harper (1974) is in agreement with Weber (1966a) noting that when non-nod and nod isolines 
are grown without supplemental nitrogen, non-nod lines yield lower due to limited nitrogen, 
suggesting that, in the absence of supplemental N, inhibition of N fixation can lead to N 
deficiency (Weber, 1966a; Weber, 1966b; Harper, 1974). Nitrogen deficiency reduces leaf 
index, growth rates, biomass, and yield and causes chlorosis and plant death (Board, 2008). 
 Boru et al. (2003) observed soybean plants in a hydroponic study that were subjected to high 
CO2 root zone levels had increased concentrations of  P, Ca, Fe, Mg, Na, and Zn.  Scott et al. 
(1990) is in agreement with increased Fe concentrations in water-logged soybean and also note 
an increase in Mn concentrations. Higher concentrations of Fe and Mn are associated with the 
reduced forms present in water-logged soils which have a greater soil availability. In contrast, 
changes in Ca and Mg concentrations have been inconsistent in past studies. Scott et al. (1990) 
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noted that Ca and Mg concentrations were unchanged and Board (2008) recorded a decrease in 
concentrations.  Fluctuations in nutrient concentrations in water-logged soybean have been 
measured; however (excluding N), they are not consistent and they have been found to neither 
affect yield nor produce visual symptoms in soybean (Board, 2008; Scott et al., 1990).   
Adaptations to Water-logging 
Physical adaptations 
Soybean acclimations to water-logging include decreased leaf area, arenchyma formation, and 
the formation of adventitious roots (Bacanamwo and Purcell, 1999b). Decreased transpiration 
and water uptake in soybean due to water-logging are similar to the effects from drought (Chen 
et al., 2006). Bacanamwo and Purcell (1999b) observed a decrease in soybean leaf area of 49 to 
60% after 21d of water-logging and suggest that decrease in leaf area is a plant response to 
limit water-loss through transpiration.  
Aerenchyma and adventitious root development in soybean have been observed after 1 d of 
water-logging stress (Thomas et al., 2005). Aerenchyma is a porous tissue consisting of a 
network of “interconnected gas-filled spaces” that facilitates the movement of gas (Vartapetian 
and Jackson, 1997). Aerenchyma developed in water-logged soybean allows for the diffusion 
of O2 into adventitious roots and the transportation of CO2 from the root zone (Bacanmwo and 
Purcell, 1999).  After 21 d of growth in water-logged conditions, adventitious roots have been 
observed to constitute 41% of total root volume in soybean (Bacanamwo and Purcell, 1999b). 
 Arenchyma and adventitious root development is regulated by the hormone ethylene 
(Bacanamwo and Purcell, 1999b; Voesenek et al., 1993).  The activity of ACC synthase, an 
enzyme involved in ethylene production, is increased by decreased O2 levels (Voesenek et al, 
1993). The relationship between diminished soil O2 and ethylene production suggests that the 
effects of decreased O2 and increased CO2 concentrations within the soil are interconnected in 
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the development of adventitious roots, and therefore interconnected with the response of 
soybean to water-logging. 
Resistance to soilborne pathogens 
Soilborne pathogens Pythium spp., Phytophtora sojae, Fusarium spp., and Rhizoctonia solani 
have been shown to cause additional damage to water-logged soybean (Kirkpatrick et al., 
2006).  
Studies have shown that partial resistance to Pythium sojae has been linked to water-logging 
tolerance. Rosso et al. (2008) observed that the cultivar Archer, which is known to be flood 
tolerant (Van toai et al., 1994) is resistant to Pythium suggesting that Pythium resistance is 
associated with water-logging tolerance (WLT). Levels of Pythium spp. in soybean have been 
observed to increase after 3d of water-logging ( Kirkpatrick et al., 2006) suggesting that 
soybean breeding selections made for WLT may also select for Pythium resistance due to 
increased selection pressures in water-logged soils.  
Screening Methodology and Past Results 
Soybean response to water-logging differs among genotypes (Scott et al., 1989; Rhine et al., 
2010, Riche, 2004) and is dependent on the growth stage at initiation (Sallam and Scott; 1987a; 
Sallam and Scott; 1987b; Scott et al., 1989; Scott et al., 1990), duration of stress (Sallam and 
Scott, 1987; Griffin and Saxton, 1988; Heatherly and Pringle, 1991), and soil texture (Scott et 
al., 1989; Rhine et al., 2010) 
Studies have shown WLT is not uniform across growth stages (Sallam and Scott, 1987a; Scott 
et al., 1989). Scott et al., (1989) observed that canopy height reduction was (38%) greater in 
soybean water-logged at full flowering (R2) (Fehr and Caviness, 1977) than soybean water-
logged at the fourth trifoliate leaf (V4).  Linkemer et al. (1998) noted variations in yield loss at 
the V2, R1, R3, and R5 growth stages, wherein water-logging at reproductive growth stages 
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was more detrimental to yield than at vegetative growth stages. Linkemer et al. (1998) also 
noted that the mechanism for yield loss was dependent on growth stage: V2 (reduced number 
of branches), R3 (decreased pods per node), and R5 (reduced seed size).  
Water-logging duration directly affects yield (Scott et al, 1989). Scott et al. (1989) suggest that 
yield loss is positively correlated with the duration of water-logging. Scott et al. (1989) 
observed yield loss of 5 (V4) and 7.7% (R2) per day in soybean on a Sharkey clay. Griffin and 
Saxton (1988) observed a linear relationship between yield loss and water-logging duration at 
the V6, R2, and R5 growth stages, agreeing with Scott et al. (1989) that yield loss per day of 
stress is less at vegetative growth stages than at reproductive growth stages.  
Soybean response to water-logging varies across soil texture (Scott et al., 1989; Rhine et al., 
2010). Scott et al. (1989) note that yield loss per day was 68% (V4) and 53% (R2) less when 
soybean was grown on a Crowley silt loam as compared to a Sharkey clay. Rhine et al. (2010) 
are in agreement, also observing greater reductions in leaf N in soybean grown on a Sharkey 
clay as compared to a Tiptonville silt loam. 
Field studies 
Water-logging tolerance has been defined as:  minimal decreased yield under water-logging 
(Rosalie and Hamblin, 1981; Van Toai et al., 1994) and by high yields in a water-logged 
environment (Van Toai et al., 1994). However, Van Toai et al. (1994) also note that while 
WLT genotypes yield higher than non-tolerant genotypes under water-logging, comparatively 
high yields under water-logging stress are not related to high yields in an optimum 
environment. This agrees with Rosalie and Hamblin’s (1981) assertion that selections made for 
tolerance will result in decreased yields in an unstressed environment. Genetic variability for 
water-logging suggests that WLT is inheritable and genetic gains can be made through 
traditional breeding (Van Toai et al, 1994).   
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Field studies have successfully identified WLT genotypes (Van Toai et al., 1994). Screening 
criteria have been based on both visual ratings (Cornelius et al., 2005) and yield under water-
logged conditions (Van Toai et al., 1994; Rhine et al., 2010).  
Cornelius et al. (2005) rated plots on a 0 to 9 scale, based on the presence, severity, and 
frequency of chlorosis and plant death: 0 being no damage and 9 being > 90% plant death. 
Cornelius et al., (2005) found that selections of recombinant inbred lines (RILs) of Archer 
(tolerant) x A5403 (intolerant) and Archer (tolerant) x P9641 (intolerant) for WLT based on 
visual observations corresponded to the presence of alleles associated with WLT. This 
indicates that genotypes can be screened for WLT by visually rating the foliar symptoms of 
water-logging (Cornelius et al., 2005) 
Greenhouse Studies 
Water-logged soil conditions and the resulting stress have been successfully replicated in the 
greenhouse (Bacanamwo and Purcell, 1999; Bennett and Albrecht, 1984; Board, 2008; Boru, 
Vantoai, et al., 2003; Linkemer, Board et al. 1998; Sallam and Scott, 1987b). Sallam and Scott 
(1987) investigated soybean response to water-logging at V1 and V4 (Sallam and Scott, 
1987b). The water-logged environment was reproduced using Plexiglas boxes containing 
porous membranes layered with 5 cm of a Crowley silt loam, and seedlings were transferred to 
the membrane at the V1 and V4 growth stage at which time water-logging was imposed 
(Sallam and Scott, 1987b). Sallam and Scott observed chlorosis after 4th d of stress at both the 
V1 and V4 growth stage; they also noted that root and shoot growth was inhibited at both V1 
and V4 .  
Bacanamwo and Purcell (1999b) submerged 1.5-L  greenhouse pots. Pots were planted in 
potting soil (peat-vermiculite mixture) and thinned to one plant per pot. At the V4-V5 growth 
stage pots were submerged in water to a depth of 1 cm above soil surface in a degassed nutrient 
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solution (Bacanamwo and Purcell, 1999b).  They observed a decrease in leaf area and an 
increase in adventitious root development for soybean water-logged for 7, 14, and 21d  
Linkemer et al. (1998) evaluated the effect of water-logging at V2, V3, V7, R1, R3, R5, and 
R6 growth stage in the greenhouse. Soybean was planted into a heat-sterilized, Commerce silt 
loam in 9-L pots (Linkemer, Board, et al., 1998). Water-logging was achieved and regulated by 
submerging the pots to a water level even with the soil surface in float-valve gated water tanks 
. Linkemer et al. (1998) observed a yield reduction after a 7-d submersion at V2, R1, R3, and 
R5 (Linkemer et al., 1998). However, no loss in yield was recorded at the V3, V7, or R6 
growth stage (Linkemer et al., 1998).  
Water-logging stress simulated in the greenhouse has been observed to result in symptoms 
associated with water-logging in the field (Bacanamwo and Purcell, 1999b; Bennett and 
Albrecht, 1984; Board, 2008; Boru, Vantoai, et al., 2003, Linkemer et al., 1998; Sallam and 
Scott, 1987b). However, when soybean are evaluated for a response to a single component of 
water-logging stress (i.e. decreased O2, elevated CO2) conflicting results are observed 
(Bacanamwo and Purcell, 1999b; Linkemer et al., 1998). 
Genetic studies 
The marker Sat_064 has been linked to a quantitative trait loci (QTL) for WLT. Sat_064 was 
identified from the cultivar Archer, a northern line with noted WLT (Van Toai et. al., 2001). 
The QTL, when present, resulted in greater plant heights and higher grain yields under water-
logging stress (Van Toai et. al., 2001). However, the QTL relayed no benefit to plants under 
normal growing conditions (Van Toai et. al., 2001). Conversely, in two similar studies, 
conducted in Arkansas and Missouri, the presence of the SAT_064 marker did not have any 
significant effect on grain yield under water-logged conditions (Reyna, 2003; Cornelius, 2005). 
Cornelius et al. (2005) identified 32 genetic markers related to WLT. Many of these markers 
13 
 
were related to Phytophthora resistance (Cornelius et al., 2005). Two major QTLs , associated 
with phytophthora resistance and WLT,were  found near marker Satt_385 on the linkage group 
A1 and near marker Satt_269 on the linkage group F (Cornelius, 2005) 
A QTL associated with WLT at the V3 growth stage was identified in Japan (Girthiri, 2006). 
The QTL has been associated with the E1 gene and is linked to maturity. Girthiri (2006) 
indicated that the QTL’s effects are intensified under flooded conditions allowing the plant to 
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SCREENING DIVERSE SOYBEAN GERMPLASM FOR WATER-LOGGING 
TOLERANCE AT THE V5 AND R1 GROWTH STAGE 
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II.  ABSTRACT 
 
Water-logging is a major abiotic stress on soybean in the mid-south.  Water-logging reduces 
vegetative growth and grain yield, and can cause plant death when severe.  There is limited 
research on flood tolerance in soybean at various growth stages.  The objective of this study 
was to evaluate water-logging tolerance in a diverse soybean germplasm collection at the V5 
(5th trifoliate leaf) and R1 (beginning bloom) growth stage.   A total of 135 genotypes were 
divided into four maturity groups (IV, early V, late V, and VI) and screened for flood tolerance 
at the Rice Research and Extension Center in Stuttgart, AR, in 2009 and 2010.  The 
experimental design was a split-plot with whole-plot being each maturity group by growth 
stage combination and the split-plot variable being entry.  Water-logging stress was imposed 
by surrounding each test with raised soil levees and maintaining a controlled flood 
approximately 6 cm above the soil surface for 2 wk. After 2 wk. of water-logging the flood 
water was drained, one week after the removal of the flood visual water-logging tolerance 
ratings were made. Visual ratings were made on a 0 to 9 scale, based on chlorosis, stunting, 
and plant death, ratings were made weekly for 3 wk. . Genotypic differences in the visual 
ratings for flood tolerance were observed in all maturity groups and growth stages.  Despite 
different environments and weather conditions, several genotypes were identified to be water-
logging tolerant across years. Although the genotypic rankings changed somewhat across 
growth stages, there were genotypes identified to be tolerant at both the R1 and V5 growth 
stage.  The genotype Young was tolerant to flood stress across years and growth stages.  
However, some genotypes were tolerant at V5, but intolerant at R1, or vice versa, which 
indicates there may be multiple mechanisms involved in water-logging tolerance.   
Identification of flood-tolerant lines will help breeders incorporate flood tolerance into high-
yielding soybean cultivars. 
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II.  INTRODUCTION 
 
Soybean (Glycine max) produced in the Mississippi delta region of Arkansas are commonly 
grown in rotation with rice (Oryza sativa L.) on alluvial soils. Alluvial soils have poor drainage 
and are prone to water-logging (Kirkpatrick et al., 2006). Water-logging, or the level of soil 
saturation at which yield is reduced often, occurs as a result of heavy rain, excess irrigation, or 
a combination of each.  
Water-logged soil conditions in soybean result in chlorosis, decreased biomass, decreased root 
to shoot ratio, decreased leaf area, yield loss, and plant death. Linkemer et al. (1998) observed 
30% yield loss at the V2 growth stage (Fehr and Caviness, 1971) and to 93% yield loss at R2. 
Past studies have shown that these effects are predominately the result of decreased O2 and 
increased CO2, concentrations in the root zone (Araki, 2006; Bacanamwo and Purcell, 1999b).   
As the soil becomes water-logged, soil O2 is expelled to the surface and the remaining O2 is 
consumed through the cellular respiration of roots and microorganisms within 6 to 10 h (Scott 
and Evans, 1955). Decreased soil oxygen levels result in nitrogen deficiency, through a 
decrease in N-fixation in the nodules (Bacanamwo and Purcell, 1999a).  Nitrogen deficiency 
causes chlorosis, decreased biomass, a decreased root to shoot ratio, yield loss, and plant death 
(Bacanamwo and Purcell, 1999a).  Elevated root-zone CO2 levels inhibit root growth and 
decrease transpiration and water uptake (Araki, 2006). Symptoms of elevated root-zone levels 
include: chlorosis, decreased leaf area, decreased biomass, and plant death.   
Morphological adaptations to water-logging include: the development of adventitious roots and 
aerenchyma, decreased leaf area, and an increased root-to-shoot ratio (Bacanamwo and Purcell, 
1999a). Adventitious roots and aerenchyma development allow for the diffusion and transport 
of O2 from the flood water to the plant as well as facilitating the transport of CO2 from the root 
zone to the leaves, where the gas can be expelled (Bacanmwo and Purcell, 1999b).  
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Screening for water-logging tolerance (WLT) has been concentrated, but not limited to, the 
mid-south, with screening and studies being carried out in Arkansas, Missouri, Mississippi, and 
Louisiana. Studies have shown that there is genetic variability in soybean tolerance to water-
logging and that WLT is inheritable (Van Toai et al., 2001).  Field studies have used yield 
(Van Toai et al., 2001; Rhine et al., 2010) and visual ratings (Cornelius et al., 2005) to identify 
WLT genotypes. 
Research has shown that WTL is dependent on the growth stage (Linkemer et al., 1998) of the 
crop at the initiation of water-logging, and that yield loss, decreased biomass, and plant death 
increase with water-logging duration. However, screening of diverse soybean germplasm has 
been limited to either the vegetative (Riche, 2004) or reproductive (Rhine et al., 2010) growth 
stages.  The hypotheses of this study were that: 1) within a diverse collection of soybean 
germplasm, response to water-logging will differ among genotypes 2) visual symptoms of 
water-logging stress will be more severe in plots water-logged at R1 compared to V5 3) the 
severity of water-logging stress would be greater in the R1 growth stage than the V5 growth 
stage; however, general rankings of water-logging tolerance would change little across growth 
stages. To test the hypotheses, the objectives of this study were to: 1)  screen diverse soybean 
germplasm for WLT at both the V5 and R1 growth stage  in order to identify WLT genotypes 
for use in the University of Arkansas soybean breeding program: and 2) evaluate growth stage 









II.  MATERIALS AND METHODS 
 
The study was conducted at the University of Arkansas Rice Research and Extension Center in 
Stuttgart, Arkansas, in the 2009 and 2010 growing seasons. Soil was a Dewitt silt loam (fine, 
smectitic, thermic Typic Albaqualfs), which has been described as “deep, poorly drained, and 
very slowly permeable” (Oosterhuis et al., 1989) and with a plow pan at 0.14 m (Sallam and 
Scott, 1988). Soil samples were taken in 2010 and analyzed for soil texture and soil fertility. 
Particle size analysis confirmed that the soil texture was a silt loam (Table 2-16).  Soil fertility 
analysis, processed by the University of Arkansas Extension Service, indicated that nutrient 
concentrations were variable throughout the field (Figure 2-18); replications of genotypes were 
blocked in both 2009 and 2010 to account for differences in fertility.  Stuttgart was chosen as 
the location for the study because of the soil type and a high frequency of a rice/soybean 
rotation.  Daily temperature and rainfall was recorded from the National Oceanic and 
Atmospheric Administration (NOAA) weather station located at the University of Arkansas 
Rice Research and Extension Center. 
Plant Material  
A total of 135 historical and recently released conventional soybean genotypes were screened 
for water-logging WLT.  Genotypes were separated by maturity group (MG) and grouped into 
four distinct test sets, maturity groups (IV, early V, late V, and VI), each consisting of 
approximately 35 cultivars, with MG4 and MG5E having less entries due to seed availability 
(Tables.2-1, 2-2, 2-3, 2-4). Each maturity group test set was then screened for water-logging 
tolerance at the V5 growth stage (fifth vegetative leaf) and R1 (first bloom) independently, 
resulting in eight maturity group by growth stage (MG x GS) combinations (MG4-V, MG4-R, 
MG5E-V, MG5E-R, MG5-E, MG5-R, MG6-V, MG6-R) grown each year.  Notable lines 
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included Forrest and Essex, which were previously evaluated for responses to water-logging 
(Sallam and Scott, 1987a) and breeding line 91210-350, which has been reported to be flood 
tolerant (Cornelius et al., 2005)  and is currently a parental line in the University of Arkansas’ 
breeding program. 
Layout and Design 
In 2009, the study was laid out in a split-plot experimental design with whole-plot being a 
randomized complete plot design with a MG x GS factorial structure and five blocks, and the 
split-plot factor was genotype. The test was planted in research field 4 A and B following a 
soybean crop harvested in 2008; replications were blocked to better account for any potential 
soil fertility gradients in the field. Plots were planted flat (no raised beds) on June 2, 2009 at a 
seeding rate of 100 seeds per plot and row spacing off 76 cm. Each plot was a 3-m, single-row 
plot with a 1.5-m alley. Ranges (rows) within each MG x GS combination were planted 20 
plots (single row) across. After seedling emergence, row middles were cultivated to allow for 
furrow irrigation. Furrow irrigation was applied twice to all plots per requisite need for optimal 
growth as determined by the station associate. A soil levee was constructed around each 
maturity group x growth stage combination to prepare for the flood required to evaluate 
tolerance of the genotypes to water-logging. Each MG x GS combination was further divided 
into two smaller bays, blocks 1-3 (8 ranges deep or 36.6 m) and 4-5 (6 ranges deep or 23.4 m), 
to ensure a consistent flood across all plots (Figure 2-1). A range of buffer was planted as the 
first and last range within each bay, and missing plots were replaced with buffer to account for 
border effect. Maturity group by growth stage combinations were then flood irrigated, at the 
appropriate growth stage, to a depth of approximately 6 cm. Flood water was maintained for 2 




In 2009, in order to compare the effects of water-logging on plant height a non-water-logged 
control was planted adjacent to the water-logging study in field 4B. The control was laid out as 
a split-plot design with the whole-plot factor being a randomized complete block with 3 blocks, 
for each MG (Figure 2-1). Plots were planted and maintained similarly to plots in the water-
logging test. 
In 2009, grass weeds were controlled with an application of  sethoxydim (Poast Plus®) {2-[1-
(ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3-hydroxy-2-cyclohexen-1-one} at 0.14 kg ai/ha 
on June 29th, followed by an application of clethodim (Select Max®) {(E)-2-[1-[[(3-chloro-2 
propenyl)oxy]imino]propyl] 5-[2-(ethylthio)propyl]-3-hydroxy-2-cyclohexen-1-one} at 0.28 
kg ai/ha on August 10th.  
In 2010, the study was laid out in a split-plot experimental design with whole-plot being a 
randomized complete plot design with a MG x GS factorial structure and five blocks, and the 
split-plot factor was genotype. Plots were planted on June 9, 2010 in a 3-m single-row plot 
with 1.5-m alleys at a rate of 100 seeds per plot and a row spacing of 76 cm.  However, due to 
a lack of soil moisture, soybean were planted into raised soil beds to accommodate pre-
emergence irrigation. After planting, furrow irrigation was applied, on June 12, 2010, until the 
tops of the beds had been saturated to ensure an adequate stand count.  After emergence, plots 
were irrigated as in 2009 with irrigation being applied three times.  
In 2010, weeds were controlled with an application of Poast Plus® at 0.21 kg ai/ha and a 
second application at 0.28 kg ai/ha on August 10th. Water-logging was imposed by 
surrounding each whole-plot factor with raised soil levees and adding irrigation water through 
a network of gated poly-pipe until the water level was approximately 6 cm above the soil 
surface at the top of the beds.  Flood water was maintained at an average of 6 cm above the soil 
surface for 2 wk. A 7.6-cm-diameter PVC pipe was inserted into the soil levees at the desired 
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water level to regulate the depth of the flood.  At the conclusion of the flood treatment the 
irrigation water was drained and plots were managed with normal cultural practices.   
In 2010, 10 genotypes (AG5501, Caviness, Jake, N94-7784, PI 567436, PI 567882B,  
R01-4353, R08-2416, R08-2464, and R08-2493) were selected based on 2009 WLT ratings to 
evaluate the effect of water-logging on yield and to correlate yield loss with visual WLT 
ratings. Plots were laid out in a split-plot experimental design where whole-plot factor was a 
randomized complete block design for each of the 3 water-logging treatments (Non-water-
logged, water-logged at V5, water-logged at R1) and the split-plot factor was genotype. Each 
whole-plot factor was replicated three times and whole-plot factor replications were blocked to 
together (Figure 2-1). Plots were harvested at maturity and yield and percent moisture were 
collected using an Almaco model SPC40 plot combine. 
Data Collection and Analysis 
In 2009, stand counts were recorded prior to planting on all plots water-logged at V5, and plant 
height was measured on all plots, water-logged and control, at maturity. In 2010, visual 
estimates of stand counts were recorded taken for all plots in the water-logging screening 
experiment. Plant height was measured on all plots screened for water-logging tolerance at 
maturity. 
Two weeks after removal of the water-logging stress, in 2009 and 2010, each plot was rated on 
a 0 to 9 scale as per the protocol described in Cornelius (2005). Ratings were based on death, 
chlorosis, and vigor, with 0 being no damage and 9 being ≥ 90 % plant death throughout the 
plot (Table 2-5). Plots with 20% or greater emergence were scored. Plots in which seedling 
emergence was less than 20% or emergence that was significantly delayed and plants that were 
dead prior to the flood were excluded from the scoring of plots.  For example, a plot with 50% 
emergence and a healthy stand at flooding that showed little to no chlorosis, exhibited vigor, 
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and was free of dead plants at the time of rating was scored a 0. Visual WLT ratings were 
made weekly for three wks., weekly WLT ratings were averaged and the average visual WLT 
ratings for each plot were used to analyze WLT. 
Fields were treated as different environments and data were not analyzed over year due to the 
assumed fertility differences associated with the incorporation of soybean stubble in 2009 and 
rice stubble in 2010. Data were analyzed using SAS 9.3 (SAS Institute Inc., 2011). PROC 
MIXED was used to determine the differences in WLT ratings among genotypes in 2009 and 
2010.  Least significant differences (LSDs) among genotypes within each MG x GS 
combination were calculated by dividing the confidence limits for mean differences, within 
each MG x GS, by 2. Confidence limits were generated using DIFF CL within the LSMEANS 
procedure. The non-rating of plots that had poor stand count resulted in unbalanced data in 
2009 and 2010; therefore, when calculating LSDs, confidence limits for genotypes, the largest 
mean standard error (MSE) was used to ensure that stated differences were significant. 
However, in order to identify differences in MG6-R in 2010, the MSE error for the genotype 
Young was used. 
PROC MIXED was also used to calculate the differences in plant height in 2009. A split-plot 
model was used to analyze plant height with the whole-plot factor being MG x treatment 
(treatments were: control, water-logging at V5, and water-logging at R1) and the split-plot 
factor being genotypes. Block 1, 2, and 3 for each MG x GS combination within the water-
logging screening were used as water-logging treatments at V5 and R1 to analyze differences 
in plant height. In order to determine if there was relationship between the effects of water-
logging on plant height and visual WLT ratings the correlation coefficients for visual WLT 
ratings and percent decrease in plant height were calculated using PROC CORR.  
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II.  RESULTS AND DISCUSSION 
 
     
Screening Diverse Germplasm for Water-logging Tolerance 
Differences in WLT ratings were observed among genotypes at the V5 and R1 growth stage 
(Table 2-5) during both the 2009 (P≤0.0001) and 2010 (P≤0.0001) growing seasons.  In 2009, 
the range of WLT scores was 2.13 to 8.47 at V5 and 0.13 to 8.67 at R1 (Table 2-6).  The overall 
differences in WLT ratings for initiation of water-logging at V5 and R1 growth stages were not 
significantly different (P= 0.1197). These results are contradictory to past research that has 
shown water-logging damage is more severe at the reproductive growth stages than at vegetative 
growth stages (Linkemer et al., 1998). However, it should also be noted that during the 
application of water-logging stress at the R1 growth stage for each maturity group, there was 
unseasonably cool weather (Figure 2-1), suggesting that the severity of water-logging stress is 
dependent on weather conditions.  
In 2009, WLT ratings for genotypes within each maturity group were different between water-
logging at the V5 and R1 growth stage (P≤0.0001) (Table 2-5) and tolerant and sensitive 
genotypes were identified at both the V5 and R1 growth stages (Table2- 8). The range and LSD 
(Table 2-7) for WLT ratings in some maturity group x growth stage combinations did not allow 
for genotypes to be divided further than Tolerant and Sensitive; however, due to the limited 
number of plots possible and resources available, to soybean breeders the addition of practicle 
WLT catagories were added to aide in the selection of WLT genotypes for plant breeding. 
Genotypes were assigned practical WLT catagories Tolerant (T), Moderately Tolerant (MT), 
Moderate (M)  Moderately Sensitive (MS), and Sensitive (S) based on field observations (Table 
2-6).  The ranges of visual WLT ratings for each WLT category were adjusted from 2009 to 
2010 to account for the increased severity of water-logging stress.  
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The percent reduction in plant height due to water-logging as compared to the control differed 
(P≤0.0001) between water-logging at the V5 and R1 growth stage (Table 2-15) and differences 
among genotypes were observed (Table 2-15). Water-logging at V5 resulted in greater percent 
reduction (µ=41%) of plant height than water-logging at R1 (µ=24%) compared to the control. 
Plant height was moderately correlated with WLT ratings at both the V5 (r = 0.61) and R1 
(r=0.41) growth stages.  Plant height for genotypes water-logged at the V5 growth stage may be 
an indicator of how well genotypes are adapted to the water-logged environment, with genotypes 
that reach heights closer to that of the control being more adapted. However, although genotypes 
with heights closer to that of the control generally had lower WLT ratings after water-logging at 
the V5 growth stage, the trend was not true for all genotypes. Bedford had an average WLT 
rating of 5.8 (27th largest recorded) at the V5 growth stage and a percent reduction in plant height 
of 16% (3rd smallest recorded) indicating that the retention of plant height under water-logged 
conditions does not always indicate WLT tolerance. While the percent reduction of plant height, 
as compared to the control, and WLT ratings at the R1 growth stage were moderately correlated 
(r=0.41) the relationship between the two variables may be overestimated due the inclusion of 
both determinate and indeterminate genotypes in the study.  Determinate soybean genotypes do 
not continue to grow after the plant sets flowers. However, indeterminate soybean genotypes 
continue to grow after flowering and the differences between plant height in non-water-logged 
and water-logged at the R1 growth stage treatments would be expected to be less, due to the 
plant having more time in which to grow.  
In 2010, there was a significant difference (P≤0.0001) (Table 2-5) in the severity of water-
logging symptoms between the V5 (µ=6.4) and R1 (µ=6.95) growth stage, which agrees with 
past reports of greater injury from water-logging at the reproductive growth stages than at the 
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vegetative growth stages. The growth stage x genotype (maturity group) interaction was 
significant (P≤0.0001) and differences between genotypes were observed at both V5 and R1 
(Table2-10 and 2-11). Suggesting that when breeding for WLT tolerance genotypes selected as 
parents based only on WLT screenings at the R1 growth stage may only have growth stage 
dependent WLT at R1 and in turn be susceptible to water-logging at the vegetative growth 
stages. 
Overall, WLT ratings were generally higher in 2010 (V5=4.8.R1=3.6) than in 2009 (V5=6.4, 
R1=6.95), and many genotypes that were observed to be tolerant or moderately tolerant during 
the 2009 growing season were not identified as tolerant in 2010. Due to weather conditions 
during 2009, there may have been inadequate stress to properly evaluate water-logging tolerance.  
Despite different weather and field conditions in 2009 and 2010, the genotype Young was 
identified as tolerant across growth stage and year (Tables 2-10 and 2-13).  However, some 
genotypes were observed to be tolerant at V5 and sensitive at R1 as well as sensitive at V5 and 
tolerant at R1 suggesting that WLT in soybean is growth stage dependent (Tables 2-10 and 2-3). 
 Differences in the severity of injury and the physical traits affected by water-logging have been 
observed across growth stages (Linkemer et al., 1998). Linkemer et al. (1998) observed that 
physical traits associated with yield loss due to water-logging were growth stage dependent. 
Reduction in the number of branches per plant has been associated with yield loss at vegetative 
growth stages V2,V3, and V7, and reduced branch number and decreased pods per reproductive 
node and seeds per pod have been associated with water-logging at the R1 growth stage 
(Linkemer, et al., 1998).  Linkemer et al. (1998) further suggest that the decrease in the number 
of branches per plant is directly related to stunting as a result of water-logging, suggesting that 
percent reduction in plant height due to water-logging, measured in 2009, at V5 (r = 0.61) is 
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more strongly correlated than water-logging at R1 (r = 0.41)because, although stunting can be 
used to estimate decreased branches per plant, it cannot be used to estimate physiological 
changes within soybean which result in decreased pods per node or seeds per pod. 
Genotypes that exhibit similar tolerance mechanism to water-logging were shown to have similar 
pedigrees and or similar physiological adaptations. In 2010 genotypes R08-2423, RO8-2446 and 
91210-350 were generally susceptible (moderately susceptible, susceptible) at V5 (Table 2-11) 
and tolerant (moderate, moderately tolerant, tolerant) at R1 (Table 2-12). These genotypes all 
have the cultivar Archer within their pedigree. Archer has been previously identified as water-
logging tolerant (Van Toai, et al., 1994) and has been used in the Arkansas soybean breeding 
program to identify the quantative trait loci (QTL) (SAT_064) associated with WLT (Reyna et 
al., 2003). However, southern lines derived from Archer have been screened for WLT only 
during reproductive growth stages (Renya et al., 2003).  In this study, genotype R08-2500 
(Archer x Hutcheson) was identified, in 2010, to be T at V5 and S at R1; tolerance at V5 may be 
due to the inheritance of genes for WLT at the V5 growth stage from Hutcheson, which was 
observed to be MT to water-logging at V5 during both 2009 and 2010.  
In 2010, genotypes 93705-50, Essex, and NTCPR94-5157 were observed to be generally tolerant 
to water-logging (moderate, moderately tolerant and tolerant) at the V5 growth stage and 
susceptible (moderately susceptible and susceptible) at the R1 growth stage and have been 
observed to be drought tolerant and identified as slow wilting (Chen et al., 2007; Hufstelter et al., 
2007; King et al., 2009). Slow-wilting genotypes have a delayed and less severe canopy wilting 
response to drought (King et al., 2009). Increased lateral roots, soil water conservation, and high 
photosynthetic capacity have been suggested to be the source of the slow wilting trait (King et 
al., 2009; Sadok et al., 2012).  King et al. (2009) identified soil water conservation as the source 
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of the slow-wilting trait in PI 416937; however, Sadok et al. (2012) did not observe soil water 
conservation as the physiological source of slow wilting in PI 471938, which suggests that slow 
wilting may be caused by different physiological traits in different genotypes. Due to the 
similarity in visual response to water-logging among slow-wilting genotypes, there may be an 
unidentified common trait that also confers WLT at the V5 growth stage. However, genotypes 
Manokin, Narrow, Boggs, and Boggs-RR were also identified as generally tolerant at V5 and 
susceptible at R1 and have not been shown to be slow wilting. Reis et al. (2012) noted that 
Boggs was fast wilting. Further research is needed in order to determine if physiological 
adaptations associated with slow wilting are correlated with WLT at V5 or if there is another, yet 
unidentified, mechanism.  
Differences in WLT of genotypes across years may be a result of the differences in weather 
conditions between 2009 and 2010, with 2010 being generally hotter than 2009 (Figure 2-1).  
Elevated temperatures, or heat stress, during the growing season have been shown to negatively 
impact the growth and development of soybean (Martieau et al., 1972). Plant injury from heat 
stress has been observed to fit a sigmoidal curve with heat-induced injury beginning at 30oC. 
However, it should also be noted that soybean response to heat stress differs among genotypes 
(Martieau et al., 1972) and that the severity of injury is growth stage dependent with the greatest 
difference in genotypic response to heat stress observed at the R1 growth stage (Boulsama and 
Schapaugh, 1984). Boulsama and Schapaugh (1984) observed that the genotypes Essex and 
Forrest were tolerant to heat stress at the R1 growth stage. However, the average WLT ratings 
for water-logging at the R1 growth stage for both Essex (6.2 to 8.8) and Forrest (3.73 to 7.93) 
increased from 2009 to 2010, suggesting that either tolerance to temperature stress as measured 
by membrane thermo-stability did not have an effect on WLT ratings in 2010, or that heat stress 
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due to elevated ambient temperatures in 2010 was not a major contributing factor to the increase 
in WLT ratings across years.  
However, increased ambient temperatures may have affected the severity of water-logging stress 
indirectly. Water temperature in wetlands have been recorded to equal to that of the daily 
average ambient temperature (Kadlec and Reddy, 2001). While the daily water-temperature of 
the study was not recorded, the water-logged environment shares many characteristics of a 
wetland, so an increase in water temperature as a result of increased ambient temperature would 
be expected.  As water temperature increases, O2 solubility decreases (Kadlec and Reddy, 2001) 
and the cellular respiration of microorganisms increases (Grabel and Siemer, 1968). The 
decrease in O2 in the flood water of 2010 compared to 2009 would have further stressed soybean 
plants by decreasing the amount of O2 captured by adventitious root development. Oxygen is the 
final electron acceptor of the electron transport chain and is essential for the cellular respiration 
of roots and nitrogen-fixing bacteria. Under water-logged conditions decreased O2 concentrations 
have been shown to inhibit both nitrogenase activity in root nodules and root growth (Bennet and 
Albrecht, 1984; Jackson and Drew; 1984).  
Increased ambient temperatures in 2010 would have also resulted in elevated root zone 
temperatures. High root zone temperatures (34o C) have been observed to reduce nitrogenase 
activity and in turn reduce total nitrogen content and dry weight in soybean (Munevar and 
Wollum, 1981). Increased root zone temperature has also been observed to change the 
distribution of R. Japonicum serotypes found in root nodules (Weber and Miller, 1972). 
Serotypes 76 and 94 of R. Japonicum have been observed to cause bacterial chlorosis in soybean 
grown in the Southeastern United States beginning at a soil temperature of 30oC (Weber and 
Miller, 1972). Chlorosis due to serotypes would have been indistinguishable from chlorosis due 
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to water-logging stress and, if present, serotypes 76 and 94 may have resulted in increased injury 
during the 2010 growing season. A survey of R. Japonicum serotypes was not taken prior to the 
study and it is not known if serotypes 76 and 94 were present. However, future WLT tolerance 
screenings should survey fields for R. Japonicum serotypes when selecting a location for WLT 
screenings.     
However, it should also be noted that in 2009 the WLT screening was planted following a 
soybean crop compared to 2010 where the WLT screening followed rice. In 2010, incorporated 
rice straw from the previous crop may have led to decreased plant-available N due to increased 
microorganism activity associated with the decomposition of rice straw. Incorporated rice straw 
has also been observed to inhibit N2 fixation due to phenolic acids produced as a result of the rice 
straw decomposition (Rice et al., 1981).  Further research is needed to determine the effects of 
crops commonly grown in rotation with soybean on WLT. The decomposition of rice straw in 
2010 may have resulted in phenolic acids that stressed plots in addition to the stress of water-
logging; this may account for genotypes observed tolerant in 2009 being intolerant in 2010. 
However, the rice soybean rotation is common in the mid-south and selection for tolerance under 
these conditions would be beneficial to soybean producers. 
Evaluation of Yield Under water-logging 
Data from the 2010 yield under water-logging experiment were not statistically analyzed because 
of the death of all entries water-logged at R1 and death of the majority of the plots water-logged 
at V5. At V5, N94-7784, R01-4353, and R08-2416 were the only entries to produce measureable 
yields (0.045 kg/plot) after being water-logged. However, no genotype yielded under water-
logging at V5 across all reps; N94-7784 and R08-2416 produced measureable yield in one rep 
each, and R01-4353 produced measureable yield in two of the three replications. Genotype N94-
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7784 and R08-2416 have been identified as slow wilting. Genotype N94-7784 had a similar 
response to other slow-wilting genotypes in 2010, T at V5 and S at R1. However, R08-2416 was 
identified as T at both V5 and R1 in 2009; and MS at V5 and S at R1 in 2010. The increase in 
severity of water-logging in the yield study may be due to the smaller area in which the plots 
were grown. Smaller bays, or flooded blocks, may have resulted in increased flood-water 
temperature and, in turn, greater water-logging stress.  
However, while a duration of 14 d of water-logging stress produced significant differences in the 
visual response of soybean to water-logging, the occurrence of a 14-d flood occurring naturally 
in a soybean production field is unlikely. In order to breed for WLT cultivars, visual WLT 
ratings taken after 14 d of flooding should be correlated with yield loss under durations of water-















II CONCLUSIONS AND BREEDING IMPLICATIONS 
 
In accordance with our hypothesis, tolerance to water-logging differed among genotypes. 
However, visual response to soybean was greater for plots water-logged at the R1 growth stage 
in 2010 only, and WLT for genotypes was not consistent across growth stage. 
Tolerance of soybean to water-logging has been shown to be heritable (VanTaoi et al., 2001) and 
WLT soybean genotypes have been identified. However, because damage from water-logging is 
generally more severe in the reproductive than vegetative stages, breeders and researchers have 
concentrated screening efforts to the reproductive growth stages.  While this methodology has 
allowed for the development of breeding lines tolerant at R1 and the identification of QTLs 
associated with water-logging at R1, it does not take full advantage of the opportunity to breed 
for genotypes that are WLT across growth stages. 
The identification of groups of genotypes with similar pedigrees expressing tolerance at different 
growth stages suggests that the mechanisms for WLT at the V5 and R1 growth stages are unique 
and independent from one another. Further research is needed to identify the genes associated 
with each mechanism so they can be stacked into breeding populations with the goal of breeding 








TABLE 2-1. Pedigree and Relative Maturity for Genotypes 
within  MG4 
Genotype Pedigree RM* 
5002T Holladay X Manokin 5.0 
AG4403 Commercial Check 4.4 
AG4605 Commercial Check 4.6 
AG4705 Commercial Check 4.7 
AG4903 Commercial Check 4.9 
CAVINESS PI 615582 5.2 
Dorman Dunfield x Arksoy 2913 4.7 
Essex Lee x S55-7075(N48-1248 x Perry) 4.9 
Hill D632-15 x D49-2525 4.7 
LD00-3309 Maverick x Dwight 4.0 
Manokin L70L-3408 x D74-7824 4.9 
Narow R66-873 x Mack 5.2 
Ozark Holladay x DP415 5.2 
PI 471931 Plant Introduction 4.9 
PI 567436 Plant Introduction IV** 
PI 567521 Plant Introduction 4.9 
PI 567596 Plant Introduction 4.9 
PI 567629A Plant Introduction 4.9 
PI 567660B Plant Introduction 4.9 
PI 567682B Plant Introduction 4.9 
PI 574476C Plant Introduction 4.9 
PI 587758 Plant Introduction 4.9 
R08-2464 Archer x 91209-293 5.0 
R08-2480 Archer x 91209-293 5.0 
R08-2495 Hutcheson x Archer 5.0 
R08-2507 Peking x 91210-350 5.0 
R08-2510 Peking x 91210-350 5.0 
RA_452 Williams x Essex 4.9 
Stoddard K1393 x Anand 5.0 
UA-4805 HARTZ 5545 x KS 4895 4.8 
Vance Essex x Unknown PI 4.9 
* Relative maturity 






TABLE 2-2. Pedigree and Relative Maturity for Genotypes 
within  MG5E 
Genotype Pedigree RM* 
5601T Hutcheson x TN89-39 5.6 
AG5501 Commercial Check 5.5 
AG5503 Commercial Check 5.5 
AG5605 Commercial Check 5.6 
Anand Holladay x Hartwig 5.5 
Bedford Forrest 2 x (D68-18 x PI88788) 5.5 
Caviness-RR PI 658014 x RR 5.5 
Dare Hill x D52-810 5.3 
DP-5634RR Commercial Check 5.6 
Forrest Dyer x Bragg 5.5 
Freedom Hutcheson x Pioneer 9641 5.5 
Glenn PI 658014 5.0 
Hutcheson V68-1034 x Essex 5.5 
Jake S94-1867 x Anand 5.5 
MD92-5769-RR Not listed on GRIN 5.3 
Osage Hartz 5545 x KS 4895 5.6 
Ozark Holladay X DP415 5.2 
R01-4353 93705-35-1 x PI 227557 5.6 
R01-52F R93-5455 x Minsoy 5.6 
R01-581F Jackson x KS4895 5.6 
R02-6268F KS4895 x Jackson 5.6 
R04-357 U of A Breeding line V** 
R04-572 U of A Breeding line V** 
R05-5559 UA 4805 x PI 471938 5.4 
R06-43 PI 471931 x Ozark 5.0 
R06-4433 U of A Breeding line V** 
R08-2423 91210-350 x 91209-293 5.4 
R08-2452 91209-293 x Hutcheson 5.4 
R08-2482 Archer x 91209-293 5.4 
R08-2490 Hutcheson x Archer 5.4 
R08-2508 Peking x 91210-350 5.4 
R08-2511 Peking x 91210-350 5.4 
UARK-5798 Hutcheson x Walters 5.5 
UARK-5896 Lloyd x Narrow 5.6 
Walters Forrest x Narrow 5.5 
* Relative maturity 




TABLE 2-3. Pedigree and Relative Maturity for Genotypes within 
MG5L 
Genotype Pedigree RM* 
91210-350 Archer x P9641 V** 
93705-50 Jackson x KS4895 5.7 
GRAHAM N77-114 x Pixie   5.0 
Holladay N77-179 x Johnston 5.0 
Hood Roanoke x N45-745 5.8 
Lonoke Manokin x ASG A6297 6.1 
N94-7784 Plant Introduction 5.7 
Ogden Tokyo x PI 54610 5.7 
PI 416937 Plant Introduction 5.7 
PI 471938 Plant Introduction V** 
PI 567657 Plant Introduction 5.7 
PI 578471A Plant Introduction 5.7 
PI 587563B Plant Introduction 5.7 
PI 587577B Plant Introduction 5.7 
PI 587619 Plant Introduction 5.7 
PI 587696 Plant Introduction 5.7 
PI 587788A Plant Introduction 5.7 
PI 587819 Plant Introduction 5.7 
PI 587892A Plant Introduction 5.7 
R01-3474F U of A Breeding line V** 
R01-81F U of A Breeding line V** 
R02-3065 U of A Breeding line V** 
R04-17 Lonoke x R93-5455 6.0 
R08-2415 91209-293 x Peking 5.4 
R08-2416 91209-293 x Peking 5.4 
R08-2418 91209-293 x Peking 5.4 
R08-2434 91210-365 x Archer 5.4 
R08-2438 91210-365 x Archer 5.4 
R08-2440 91209-293 x Hutcheson 5.4 
R08-2446 91209-293 x Hutcheson 5.4 
R08-2448 91209-293 x Hutcheson 5.4 
R08-2493 Hutcheson x Archer 5.4 
R08-2496 Hutcheson x Archer 5.4 
R08-2500 Hutcheson x Archer 5.4 
R08-2513 Peking x 91210-350 5.4 
* Relative maturity 




TABLE 2-4. Pedigree and Relative Maturity for Genotypes within 
MG6 
Genotype Pedigree RM* 
Arksoy PI 37335 6.6 
BOGGS G81-152 x Coker 6738 6.9 
BOGGS-RR Not listed on GRIN VI** 
Centennial [Hill x (D49-2491 x Jackson)] x Pickett 71 6.2 
COOK Braxton x Young 8.0 
Desha Hutcheson x Walters 6.6 
Dillon Centennial x Young 6.0 
G00-3209 BOGGS x N7001 6.1 
Hood-75 Hood 8 x Arksoy 6.1 
Lee S100 x CNS 6.6 
Lee-68 Lee (6) x Arksoy 6.6 
Lee-74 Lee 68 x FC33243 6.5 
Musen Hutcheson x LeFlore 6.0 
N01-11093 NTCPR94-5157 x  N96-7031 6.1 
N01-11136 NTCPR94-5157 x N96-7031 6.1 
N01-11342 NTCPR94-5157 x  N96-7031 6.1 
N01-11777 Graham x N96-7031 6.1 
N7001 N77-114 x PI 416937 6.1 
N93-110-6 Young x PI 416937 6.1 
N96-6755 N91-7202 x N7001 6.1 
N96-6809 N90-7202 x N7001 6.1 
N96-7031 N7001 x N90-7241 6.1 
N97-9658 N7001 x Cook 6.1 
N97-9812 N7001 x N91-7254 6.1 
NC-RALEIGH N85-492 x USDA germplasm release N88-480 7.0 
NC-ROY Holladay x Brim 6.0 
NTCPR94-5157 Caviness x Walters 6.1 
Pickett (D49-2491 (6) x Dorman) x (Lee (4) x Peking) 7.1 
Pickett-71 Pickett x Lee(phytophthora resistant type) 6.9 
PRICHARD Co82-622 x Howard 8.5 
R01-2346 U of A Breeding line VI** 
R01-2731F U of A Breeding line VI** 
R01-327 U of A Breeding line VI** 
Santee Coker 82-622 x Hutcheson 7.0 
Young Davis x Essex 6.0 
* Relative maturity 






Figure 2-1 2009 Field layout
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* Each MG × GS combination is laid out as a randomized complete block with five blocks
** Non-water-logged control is laid out as a randomized complete block with three blocks
















Denotes raised soil levee, line thickness is not representative of actual levee width 
 
  
Figure 2-2 2010 Field layout for visual water-logging tolerance ratings
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Figure 2-3. Field Layout of  2010 Water-logging x Yield Trial
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Table 2-5 Description of visual water-logging tolerance ratings 
Rating










The plot is beginning to show symptoms of water-logging stress, slight to mild chlorosis is 
present throughout the plot with no plant death
Symptoms of water-logging stress are easily observable, mild chlorosis is present throughout the 
plot, lower branches begin to droop, with no plant death
The plot is severely damaged, visual symptoms present include prevalent chlorosis and necrosis 
throughout the plot with estimated plot death ranging  > 60 to 70% 
The plot is severely damaged, visual symptoms present include prevalent chlorosis and necrosis 
throughout the plot with  estimated plot death ranging > 70 to 80%
The plot is severely damaged, visual symptoms present include prevalent chlorosis and necrosis 
throughout the plot with estimated plot death ≥ 90%, living plants are greatly damaged
Description of symptoms associated with visual ratings
Mild to moderate chlorosis is present throughout the plot, plants appear stunted and or droopy, 
lower leaves are becoming necrotic and abscising, no dead plants are present in the plot
The plot is moderately damaged, visual symptoms present include prevalent chlorosis and 
necrosis throughout the plot with estimated plot death ranging from 40 to 60% 
Mild to moderate chlorosis is present throughout the plot, plants appear stunted and or droopy, 
lower leaves are becoming necrotic and abscising, dead plants are present with estimated plant 
death ≤ 20 %
The plot is moderately damaged, visual symptoms present include prevalent chlorosis and 
necrosis throughout the plot with estimated plot death ranging from 20 to 40%




















Figure 2-5 Examples of Visual Water-logging Tolerance Ratings (photo by author) 
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Figure 2-6 Examples of Visual Water-logging Tolerance Ratings (photo by author) 
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Figure 2-8 Examples of Visual Water-logging Tolerance Ratings (photo by author) 
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Table 2-6. Anova and P values, by year, for the effect  of  14 d of water-logging on water-
logging tolerance ratings of 133 genotypes and two growth stages*, divided into 4 
maturity groups**,  grown on a Dewitt silt loam evaluated for water-logging tolerance at 
the R1 growth stage in the 2009 and 2010 growing seasons at the Rice Research and 
extension center in Stuttgart, Ar. 
    2009 Growing Season     
Source   Degrees of 
Freedom 
Mean Square   F Value   P Value 
MG**  3 399.55  7.66  0.0005 
GS*  1 130.95  2.56  0.1197 
MG*GS  3 35.39  0.68  0.5685 
Genotype(MG)  131 9.25  4.06  <.0001 
GS*Genotype 
(MG) 
 129 4.53  1.99  <.0001 
Block(MG*GS)  32 52.89  23.23  <.0001 
    2010 Growing Season     
Source   Degrees of 
Freedom 





































Block(MG*GS)   32 551.94   8.7   <.0001 
* Two growth stages: V5-fith trifoliate leaf, R1 - first bloom     
** 140 genotypes were divided into 4 test sets, each consisting of approx. 35 genotypes grouped by relative maturity: MG4, 







Table 2-7 WLT Categories and corresponding 
WLT visual ratings ranges 
  Range* 
Water-logging Response   2009 2010 
Tolerant  0-3 0-4 
Moderately Tolerant  3.1-4.9 4.1-5.5 
Moderate  5.0-6..0 5.6-6.5 
Moderately Susceptible  6.1-7.0 6.6-7.7 
Susceptible  7.1-9 7.8-9 
*Range of average visual water-logging tolerance 







V5** R1*** V5** R1*** V5** R1*** V5* R1**
Range 3.42-8.47 1.87-8.67 Range 2.73-6.0 1.87-5.67 Range 2.40-6.67 0.13-5.13 Range 2.13-6.13 1.2-7.13
2009 Mean 5.60 5.82 Mean 5.90 1.79 Mean 3.83 2.64 Mean 3.65 4.31
Range 0.33-7.80 5.67-8.95 Range 1.4-9 4.6-9 Range 3.53-9 6.07-8.93 Range 0.53-8.47 6.27-9.0
2010 Mean 4.35 8.04 Mean 5.75 6.99 Mean 7.37 8.05 Mean 4.42 8.30
* Average visual rating for 135 genotypes
** Fith tri-foliate leaf
*** First Bloom
Rating* Rating* Rating*
Table 2-8. Range, Mean, and LSD of  visual water-logging tolerance ratings, by year and growth stage, for soybean grown on a 
Dewitt silt loam evaluated for water-logging tolerancedurring the 2009 and 2010 growing season at the Rice Researh and 
Extension Center in Stuttgart, Ar. 
Maturity group








Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§
567629A 3.4 MT R08-2452 2.7 T 93705-50 2.4 T Arksoy 2.1 T
Manokin 4.8 MT R08-2508 3.2 MT R08-2493 2.5 T NTCPR94- 2.1 T
Narow 4.9 MT Osage 3.3 MT 91210-35 2.6 T Pickett- 2.1 T
AG4403 5.0 M R01-52F 3.4 MT R08-2416 2.6 T BOGGS 2.2 T
Vance 5.1 M DP-5634R 3.5 MT R08-2496 2.7 T PRICHARD 2.3 T
Essex 5.5 M R06-4433 3.5 MT 587696 2.7 T R01-2731 2.3 T
567521 5.6 M R08-2482 3.5 MT R01-81F 2.7 T BOGGS-RR 2.4 T
Stoddard 5.7 M R08-2423 3.6 MT 587563B 2.8 T Young 2.5 T
Hill 5.8 M R08-2511 3.6 MT 587892A 2.8 T Lee-74 2.5 T
R08-2464 6.0 M AG5605 3.7 MT Holladay 2.9 T NC-ROY 2.6 T
AG4705 6.1 M Anand 3.7 MT R08-2440 2.9 T Lee-68 2.8 T
LD00-330 6.2 MS UARK-589 3.7 MT 587577B 3.0 T N93-110- 2.9 T
567596 6.5 MS R04-572 3.9 MT 587619 3.0 T Desha 2.9 T
Dorman 6.5 MS Glenn 4.1 MT Lonoke 3.1 MT N01-1113 2.9 T
Ozark 6.5 MS Freedom 4.1 MT R08-2500 3.1 MT R01-2346 3.0 T
587758 6.6 MS Hutcheso 4.1 MT R08-2434 3.3 MT N01-1177 3.2 MT
CAVINESS 6.7 MS Caviness 4.2 MT R08-2513 3.3 MT Centenni 3.5 MT
574476C 6.7 MS AG5501 4.3 MT Hood 3.5 MT N97-9658 3.6 MT
‡  mean visual rating for water-logging tolerance based on a 0 to 9 scale 
§ Visual Response to Water-logging
MG-4* MG-5E** MG-5L*** MG-6†
Table 2-9.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 134 genotypes, devided into 4 maturity groups,  grown on 
a dewitt silt loam evaluated for water-logging tolerance at the V5 growth stage in the 2009 growing station at the Rice researh and extension center in 
Stuttgart, Ar.
* LSD for differences within MG4= 2.2,  ** LSD for differences within MG5E= 1.83, *** LSD fordifferences of MG5L=1.87, † LSD for differences within 
MG6=3.66
Table 2-9. The effect of 14 d of water-logging on mean water-logging tolerance ratings of 134 genotypes, divided into 4 
maturity groups, grown on a Dewitt Silt Loam evaluated for water-logging tolerance at the V5 Growth Stage in the 2009 






Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§
R08-2480 6.7 MS Dare 4.4 MT R08-2446 3.5 MT Hood-75 3.7 MT
UA-4805 6.9 MS R06-43 4.4 MT 587788A 3.7 MT COOK 3.7 MT
R08-2507 6.9 MS R04-357 4.5 MT R08-2448 3.9 MT G00-3209 3.7 MT
R08-2510 7.0 MS R01-4353 4.6 MT 471938 3.9 MT N97-9812 3.7 MT
RA_452 7.3 S 5601T 4.7 MT R08-2438 3.9 M NC-RALEI 3.7 MT
R08-2495 7.4 S Forrest 4.7 MT R01-3474 4.1 MT Musen 4.0 MT
567682B 7.5 S Ozark 4.7 MT GRAHAM 4.1 MT Dillon 4.2 MT
5002T 7.6 S R01-581F 4.7 MT R02-3065 4.3 MT N01-1109 4.2 MT
471931 7.7 S UARK-579 4.8 MT 578471A 4.5 MT R01-327 4.3 MT
AG4605 7.8 S R08-2490 4.9 MT R08-2415 4.9 MT Santee 4.3 MT
AG4903 8.1 S R05-5559 5.0 M 416937 5.1 M N96-6809 4.4 MT
567436 8.5 S Walters 5.0 M 587819 5.1 M Pickett 4.8 MT
Jake 5.2 M Ogden 5.3 M N7001 5.1 MT
AG5503 5.3 M 567657 5.6 M Lee 5.1 M
MD92-576 5.4 M R04-17 5.6 M N96-7031 5.3 M
Bedford 5.8 M R08-2418 5.7 M N96-6755 6.1 M
R02-6268 6.0 M N94-7784 6.7 MS N01-1134 6.1 M
‡  mean visual rating for water-logging tolerance based on a 0 to 9 scale 
§ Visual Response to Water-logging
* LSD for differences within MG4= 2.2,  ** LSD for differences within MG5E= 1.83, *** LSD fordifferences of MG5L=1.87, † LSD for differences within 
MG6=3.66
Table 2-9.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 134 genotypes, devided into 4 maturity groups,  grown on 
a dewitt silt loam evaluated for water-logging tolerance at the V5 growth stage in the 2009 growing station at the Rice researh and extension center in 
Stuttgart, Ar. (Cont.)
MG-4* MG-5E** MG-5L*** MG-6†
Table 2-9. The effect of 14 d of water-logging on mean water-logging tolerance ratings of 134 genotypes, divided into 4 
maturity groups, grown on a Dewitt Silt Loam evaluated for water-logging tolerance at the V5 Growth Stage in the 2009 






Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§
Manokin 1.9 T 5601T 1.9 T R08-2493 0.1 T R01-2731 1.2 T
Narow 2.2 T R04-357 2.1 T R08-2500 0.3 T BOGGS-RR 1.8 T
Ozark 3.2 T Walters 2.1 T R08-2416 0.7 T COOK 1.9 T
R08-2464 3.5 MT Anand 2.3 T R08-2448 1.2 T Lee-74 2.1 T
UA-4805 3.7 MT DP-5634R 2.3 T R08-2496 1.2 T N01-1109 2.3 T
R08-2480 4.0 MT Ozark 2.3 T 93705-50 1.5 T NC-ROY 2.5 T
AG4903 4.3 MT AG5503 2.4 T 578471A 1.8 T N97-9812 2.8 T
AG4705 4.3 MT AG5501 2.5 T 587563B 1.9 T N93-110- 2.9 T
RA_452 4.3 MT R08-2508 3.0 T R08-2418 2.1 T Hood-75 3.0 T
5002T 4.5 MT Hutcheso 3.1 MT Hood 2.1 T Pickett- 3.0 T
AG4403 4.7 MT R01-52F 3.2 MT Ogden 2.2 T Centenni 3.1 MT
Hill 4.8 MT R05-5559 3.2 MT R01-81F 2.3 T BOGGS 3.2 MT
587758 4.9 MT UARK-589 3.2 MT R04-17 2.3 T Lee-68 3.2 MT
R08-2507 4.9 MT AG5605 3.3 MT R08-2446 2.3 T G00-3209 3.3 MT
574476C 5.1 M R06-4433 3.3 MT 587619 2.5 T Arksoy 3.4 MT
CAVINESS 5.1 M R04-572 3.7 MT R01-3474 2.5 T R01-327 3.5 MT
567629A 5.7 M R08-2452 3.7 MT Lonoke 2.5 T Desha 3.6 MT
R08-2510 5.9 M Forrest 3.7 MT R08-2440 2.5 T N97-9658 3.9 MT
‡  mean visual rating for water-logging tolerance based on a 0 to 9 scale 
§ Visual Response to Water-logging
MG-5E** MG-5L*** MG-6†
* LSD for differences within MG4 = 1.6, ** LSD for differences with MG5E= 1.85, *** LSD for differences within MG5L=2.81, † LSD for differences within 
MG6=1.86
Table 2-10.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 133 genotypes, devided into 4 maturity groups*,  grown 
on a dewitt silt loam evaluated for water-logging tolerance at the R1 growth stage in the 2009 growing station at the Rice researh and extension 
center in Stuttgart, Ar.
MG-4*
Table 2-10. The effect of 14 d of water-logging on mean water-logging tolerance ratings of 134 genotypes, divided into 4 
maturity groups, grown on a Dewitt Silt Loam evaluated for water-logging tolerance at the R1 Growth Stage in the 2009 






Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§
Vance 5.9 M Osage 3.8 MT R08-2513 2.5 T R01-2346 3.9 MT
Essex 6.2 MS Caviness 3.9 MT 587696 2.6 T N96-6809 4.1 MT
Stoddard 6.3 MS Jake 3.9 MT R08-2434 2.6 T Santee 4.1 MT
471931 6.9 MS R02-6268 4.0 MT 91210-35 2.6 T N01-1177 4.2 MT
Dorman 6.9 MS UARK-579 4.1 MT R02-3065 2.8 T N96-7031 4.3 MT
567596 7.4 S R01-4353 4.1 MT 587577B 3.2 MT Dillon 4.5 MT
567521 7.5 S R06-43 4.2 MT 416937 3.6 MT Musen 4.5 MT
R08-2495 8.3 S Bedford 4.3 MT Holladay 3.6 MT N7001 4.5 MT
567682B 8.5 S R08-2511 4.3 MT 471938 3.7 MT N01-1134 4.8 MT
567436 8.7 S Glenn 4.3 MT R08-2415 3.8 MT PRICHARD 5.1 M
R01-581F 4.3 MT 587892A 3.9 MT Lee 5.2 M
Dare 4.4 MT 587788A 3.9 MT NC-RALEI 5.2 M
R08-2423 4.4 MT 567657 4.0 MT N01-1113 5.5 M
Freedom 4.5 MT GRAHAM 4.1 MT Young 5.5 M
R08-2490 4.6 MT R08-2438 4.1 MT NTCPR94- 5.9 M
MD92-576 4.7 MT N94-7784 4.8 MT N96-6755 6.3 MS
R08-2482 5.7 M 587819 5.1 M Pickett 7.1 S
‡  mean visual rating for water-logging tolerance based on a 0 to 9 scale 
§ Visual Response to Water-logging
* LSD for differences within MG4 = 1.6, ** LSD for differences with MG5E= 1.85, *** LSD for differences within MG5L=2.81, † LSD for differences within 
MG6=1.86
Table 2-10.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 133 genotypes, devided into 4 maturity groups*,  grown 
on a dewitt silt loam evaluated for water-logging tolerance at the R1 growth stage in the 2009 growing station at the Rice researh and extension 
center in Stuttgart, Ar. (Cont.)
MG-4* MG-5E** MG-5L*** MG-6†
Table 2-10. The effect of 14 d of water-logging on mean water-logging tolerance ratings of 134 genotypes, divided into 4 
maturity groups, grown on a Dewitt Silt Loam evaluated for water-logging tolerance at the R1 Growth Stage in the 2009 






Entry V5 R1 Entry V5 R1 Entry V5 R1 Entry V5 R1
V5(T*) Manokin 4.80 1.87 R08-2508 3.20 3.00 93705-50 2.40 1.53 BoggsRR 2.4 1.80
R1 (T**) Narrow 4.93 2.20 Anand 3.67 2.33 91210-350 2.60 2.62 Boggs 2.2 3.20
DP-5634 3.47 2.33 R08-2493 2.53 0.13
V(T*) 567629A 3.42 5.67 Young 2.47 5.47
R1(S**) N01-1113 2.93 5.47
V(S*)
R1(T**) R08-2464 5.97 3.47 Walters 5.00 2.13
* TOLERANT (0-3), MODERATELY TOLERANT (3.1-4.9)
** MODERATE (5-6), MODERATELY  SUSCEPTIBLE (6.1-7), SUSCEPTIBLE (7.1-9)
Table 2-11. The effect of 14 d of water-logging on mean water-logging tolerance ratings, of selected lines, 
across two growth (V5 and R1) stages  grown on a dewitt silt loam evaluated for water-logging 












Entry Rating‡ Res§ Entry Rating‡ Res§ Entry Rating‡ Res§ Entry Rating‡ Res§
5002T 0.3 T Osage 1.4 T N94-7784 3.5 T NTCPR94- 0.5 T
567436 2.1 T Anand 2.9 T R08-2500 3.8 T BOGGS 1.1 T
UA-4805 2.3 T Bedford 3.4 T 587619 4.7 MT BOGGS-RR 1.2 T
574476C 2.4 T UARK-579 3.7 T R08-2434 5.7 MT NC-ROY 2.1 T
Narow 2.5 T AG5605 4.6 MT R08-2513 5.8 M NC-RALEI 2.3 T
567660B 2.7 T R08-2511 4.6 MT 93705-50 6.4 M Young 2.3 T
Ozark 2.7 T Walters 4.7 MT 587696 6.6 M N93-110- 2.9 T
Manokin 2.8 T OZARK 4.8 MT R04-17 6.6 MS Pickett 3.0 T
Hill 2.9 T Hutcheso 4.9 MT 587788A 6.7 MS PRICHARD 3.1 T
RA_452 3.0 T R06-4433 5.2 MT 416937 6.7 MS R01-2731 3.4 T
Vance 3.2 T UARK-589 5.2 MT 587892A 6.7 MS Lee-74 3.5 T
AG4903 3.3 T R04-357 5.3 MT 587819 6.8 MS Lee-68 3.7 T
CAVINESS 3.5 T Jake 5.4 MT Ogden 6.9 MS N97-9658 3.7 T
LD00-330 3.7 T R01-52F 5.6 M R08-2415 7.1 MS Desha 3.7 T
471931 3.7 T Forrest 5.9 M R08-2416 7.5 MS N01-1177 3.7 T
R08-2495 3.9 T R04-572 6.1 M R08-2496 7.5 MS Pickett- 4.3 MT
R08-2507 4.1 MT Dare 6.3 M R02-3065 7.5 MS Arksoy 4.5 MT
Dorman 4.2 MT R05-5559 6.3 M R08-2438 7.6 MS Lee 4.5 MT
‡  mean visual rating for water-logging tolerance based on a 0 to 9 scale 
§ Visual Response to Water-logging
Table 2-12.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 132 genotypes, devided into 4 
maturity groups,  grown on a dewitt silt loam evaluated for water-logging tolerance at the V5 growth stage in the 2010 
growing station at the Rice researh and extension center in Stuttgart, Ar.
MG-4* MG-5E** MG-5L*** MG-6†
* LSD for differecnes within MG4  = 2.3, ** LSD for differences within MG5E= 3.05, *** LSD for Differences within MG5L=1.96, 








Entry Rating‡ Res§ Entry Rating‡ Res§ Entry Rating‡ Res§ Entry Rating‡ Res§
Stoddard 4.7 MT Caviness 6.3 M R01-3474 7.6 MS COOK 4.9 MT
Essex 4.9 MT R06-43 6.7 MS 578471A 7.7 S N01-1134 4.9 MT
587758 5.0 MT R08-2508 6.7 MS Holladay 7.9 S N96-7031 4.9 MT
567682B 5.0 MT DP-5634R 7.3 MS Hood 8.2 S R01-2346 5.1 MT
567596 5.1 MT R08-2423 7.3 MS GRAHAM 8.4 S N97-9812 5.2 MT
AG4605 5.6 M MD92-576 7.4 MS Lonoke 8.4 S Hood-75 5.3 MT
567521 5.8 M Glenn 7.5 MS R08-2440 8.5 S N96-6809 5.5 MT
AG4705 5.9 M R08-2490 7.7 MS R01-81F 8.5 S N01-1109 5.7 M
R08-2510 6.1 M Freedom 7.7 S R08-2446 8.6 S G00-3209 5.9 M
567629A 6.1 M R08-2452 7.8 S 567657 8.7 S Dillon 5.9 M
R08-2480 6.3 M R01-581F 7.8 S 91210-35 8.7 S Musen 6.1 M
R08-2464 7.1 MS 5601T 8.1 S 587563B 8.8 S R01-327 6.1 M
AG4403 7.8 MS R08-2482 8.5 S R08-2448 8.9 S N96-6755 6.3 M
R02-6268 9.0 S R08-2418 8.9 S N7001 6.4 M
R08-2493 8.9 S Centennial 6.8 MS
471938 9.0 S Santee 7.5 MS
N01-1113 8.5 S
‡  mean visual rating for water-logging tolerance based on a 0 to 9 scale 
§ Visual Response to Water-logging
MG-5E** MG-5L*** MG-6†
* LSD for differecnes within MG4  = 2.3, ** LSD for differences within MG5E= 3.05, *** LSD for Differences within MG5L=1.96, 
† LSD for Differences within MG6=1.85
Table 2-12.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 132 genotypes, devided into 4 
maturity groups,  grown on a dewitt silt loam evaluated for water-logging tolerance at the V5 growth stage in the 2010 







Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§
471931 5.7 M R01-52F 4.6 MT R08-2446 6.1 M Young 6.3 M
AG4605 6.3 M R04-357 4.7 MT 91210-35 6.1 M Arksoy 6.9 MS
5002T 6.6 MS Dare 5.0 MT R04-17 6.9 MS R01-2731 7.2 MS
AG4705 6.8 MS R08-2423 5.1 MT 587819 7.0 MS NC-RALEI 7.5 MS
R08-2464 7.0 MS Caviness 5.3 MT R08-2496 7.2 MS N97-9658 7.5 MS
Dorman 7.4 MS R04-572 5.4 MT R08-2493 7.3 MS NC-ROY 7.7 MS
Vance 7.4 MS R08-2482 5.7 M 587788A 7.4 MS Desha 7.7 S
RA_452 7.8 S R08-2490 5.9 M R08-2434 7.4 MS N01-1134 7.8 S
R08-2480 7.9 S UARK-579 6.1 M 587892A 7.5 MS PRICHARD 7.8 S
CAVINESS 7.9 S Bedford 6.4 M 416937 7.9 S N93-110- 7.9 S
Ozark 7.9 S R06-43 6.4 M R08-2440 7.9 S NTCPR94- 7.9 S
Manokin 8.0 S Walters 6.5 M R01-81F 7.9 S Santee 7.9 S
R08-2495 8.2 S 5601T 6.5 MS R08-2448 7.9 S N01-1177 8.1 S
AG4403 8.2 S Hutcheson 6.6 MS 587563B 8.0 S N96-7031 8.3 S
Narow 8.2 S Anand 6.7 MS 587619 8.0 S N7001 8.3 S
Stoddard 8.2 S Jake 6.9 MS R01-3474 8.0 S N97-9812 8.3 S
567660B 8.3 S Bolivar 7.2 MS 587696 8.1 S BOGGS 8.5 S
AG4903 8.3 S R05-5559 7.5 MS N94-7784 8.2 S N01-1109 8.5 S
‡  mean visual rating for water-logging tolerance based on a 0 to 9 scale 
§ Visual Response to Water-logging
* LSD for differences within MG4 = 2.07, ** LSD for differences within MG5E= 3.19, *** LSDfor differences within MG5L=2.25, † 
LSD  for differences within MG6=1.74
MG-4* MG-5E** MG-5L*** MG-6†
Table 2-13.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 134 genotypes, devided into 4 
maturity groups,  grown on a dewitt silt loam evaluated for water-logging tolerance at the R1 growth stage in the 2010 







Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§ Genotype Rating‡ Res§
UA-4805 8.3 S Glenn 7.5 MS R08-2500 8.3 S R01-327 8.6 S
R08-2507 8.4 S R01-581F 7.5 MS R02-3065 8.3 S BOGGS-RR 8.7 S
587758 8.4 S UARK-589 7.5 MS 578471A 8.4 S Centenni 8.7 S
567629A 8.6 S MD92-576 7.6 MS R08-2416 8.4 S Musen 8.7 S
567596 8.6 S Freedom 7.7 MS 93705-50 8.5 S G00-3209 8.8 S
567682B 8.6 S R02-6268 7.7 MS 471938 8.6 S N96-6809 8.8 S
Hill 8.7 S Forrest 7.9 S R08-2438 8.6 S N01-1113 8.9 S
Essex 8.8 S R08-2452 8.0 S 567657 8.7 S Hood-75 8.9 S
LD00-330 8.8 S AG5605 8.1 S GRAHAM 8.7 S Lee-74 8.9 S
567436 8.9 S Osage 8.1 S Hood 8.7 S N96-6755 8.9 S
567521 8.9 S R08-2511 8.4 S Ogden 8.8 S Lee-68 8.9 S
R08-2510 8.9 S AG5503 8.5 S R08-2418 8.8 S R01-2346 8.9 S
574476C 8.9 S DP-5634R 8.6 S R08-2415 8.9 S COOK 9.0 S
R06-4433 8.9 S Holladay 8.9 S Dillon 9.0 S
R08-2508 9.0 S Lonoke 8.9 S Lee 9.0 S
R01-4353 9.0 S R08-2513 8.9 S Pickett 9.0 S
Pickett- 9.0 S
‡  mean visual rating for water-logging tolerance based on a 0 to 9 scale 
§ Visual Response to Water-logging
* LSD for differences within MG4 = 2.07, ** LSD for differences within MG5E= 3.19, *** LSDfor differences within MG5L=2.25, † 
LSD  for differences within MG6=1.74
Table 2-13.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 134 genotypes, devided into 4 
maturity groups,  grown on a dewitt silt loam evaluated for water-logging tolerance at the R1 growth stage in the 2010 
growing station at the Rice researh and extension center in Stuttgart, Ar. (Cont.)






Entry V5 R1 Entry V5 R1 Entry V5 R1 Entry V5 R1
V5(T*) 5002T 0.33 5.67 Uark-579 3.73 6.13 587619 4.67 7.40 Young 2.27 6.27
R1 (T**) PI 471931 3.75 5.67 R08-2434 5.67 7.40 R01-2731 7.17 7.17
V(T*) 567436 2.15 8.87 Osage 1.40 8.07 93705-50 6.40 8.53 NTCPR94 0.53 7.87
R1(S**) 574476C 2.40 8.95 R08-2500 3.84 8.27 Boggs 1.07 8.47
BoggsRR 1.20
8.67
V(S*) R08-2464 7.07 6.99 * R08-2423 7.33 5.07 91210-350 8.73 6.07
R1(T**) R08-2446 8.60 6.07
* TOLERANT (0-4), MODERATELY TOLERANT (4.1-5.5), MODERATE (5.6-6.6)
** MODERATELY  SUSCEPTIBLE (6.6-7.7), SUSCEPTIBLE (7.7-9)
** Tolerant within MG
Response Rating Rating Rating
Table 2-14. The effect of 14 d of water-logging on mean water-logging tolerance ratings, of selected lines, 
across two growth (V51 and R12) stages  grown on a dewitt silt loam evaluated for water-logging 
tolerancedurring the 2010 growing season at the Rice Research and Extension Center in Stuttgart, Ar. 
Maturity group





Table 2-15. Consistent visual WLT ratings* of 133 genotypes grown during the 2009 and 2010 growing seasons 
Water-logging at (V5) Fifth Trifoliate Leaf 
MG 4   MG5E   MG5L   MG6 
Genotype 2009 2010  Genotype 2009 2010  Genotype 2009 2010  Genotype 2009 2010 
Manokin 4.80 2.80  Osage 3.27 1.4  93705-50 2.60 6.40  NTCPR94- 2.13 0.53 
Narrow 4.93 2.53  R08-2511 3.60 4.60  587619 3.00 4.67  Boggs 2.20 1.07 
    AG5605 3.67 4.56  R08-2500 3.07 3.84  BoggsRR 2.40 1.20 
Water-logging at (R1) First bloom 
MG 4   MG5E   MG5L   MG6 
Genotype 2009 2010  Genotype 2009 2010  Genotype 2009 2010  Genotype 2009 2010 
5002T 6.56 4.47  R04-357 2.07 4.67  91210-350 2.62 6.07  Arksoy 3.40 6.87 
    R01-524 3.20 4.60  R08-2446 2.33 6.07  R01-2731 1.20 7.17 
                R04-17 2.33 6.93   NC-ROY 2.47 7.67 


























Average Visual WLT Ratings for 135 Genotypes
Figure 2-10. Comparison of the Average WLT Ratings of 135 Genotypes at the V5 and R1 




























Average Visual WLT Ratings for 135 Genotypes
Figure 2-11. Comparison of the Average WLT Ratings of 135 Genotypes at the V5 and R1 



























Average Visual WLT Ratings for 135 Genotypes
Figure 2-12. Comparison of the Average WLT Ratings of 135 Genotypes at the V5 Growthstage 
Durring the 2009  and 2010 Growing Season

























Average Visual WLT Ratings for 135 Genotypes
Figure 2-12. Comparison of the Average WLT Ratings of 135 Genotypes at the R1 Growthstage 
Durring the 2009  and 2010 Growing Season


































Table 2-16. Analysis of variance and P values for the effect of three water-logging 
treatments* and growth stage at water-logging on plant height for 134 diverse soybean 
germplasm, divided into 4 maturity group test sets, grown in a Dewitt silt loam at the 
Rice Research and Extension Center in Stuttgart, Ar. 
Source Degrees of 
Freedom 
Mean Square F Value P Value 
MG** 3 6348.71 124.34 <.0001 
Trt* 2 22684.00 445.6 <.0001 
Trt×mg 6 601.78 11.76 <.0001 
Genotype(mg) 135 89.18 7.12 <.0001 
Trt×Genotype(mg) 261 15.70 1.25 0.011 
Block(trt*mg) 24 52.33 4.18 <.0001 
* Thee treatments:  Water-logging at Fifth trifoliate leaf, Water-logging at R1, and Non-
Water-logged 
** 140 genotypes were divided into 4 test sets, each consisting of 35 genotypes grouped by 

































Table 2-17  2010 Particle size analysis  
SAMPLE* %silt + % clay % Clay %Sand % Silt 
4R1 0.84 21.4% 16.1% 62.5% 
4R2 0.87 22.5% 12.8% 64.6% 
4R3 0.81 18.9% 18.8% 62.4% 
4R4 0.85 23.0% 15.3% 61.6% 
4R5 0.82 23.0% 17.8% 59.1% 
4V1 0.84 22.0% 15.8% 62.1% 
4V2 0.82 20.4% 17.8% 61.9% 
4V3 0.83 18.9% 17.4% 63.6% 
4V4 0.80 18.4% 19.6% 62.0% 
4V5 0.82 19.4% 17.9% 62.6% 
5ER1 0.82 21.5% 18.3% 60.1% 
5ER2 0.82 22.5% 17.8% 59.6% 
5ER3 0.78 18.4% 21.8% 59.9% 
5ER4 0.83 21.0% 17.2% 61.9% 
5ER5 0.83 22.5% 17.5% 60.0% 
5EV1 0.94 26.5% 6.5% 67.0% 
5EV2 0.74 19.5% 26.5% 54.0% 
5EV3 0.84 23.5% 16.0% 60.5% 
5EV4 0.85 22.5% 15.3% 62.1% 
5EV5 0.83 22.0% 16.8% 61.1% 
5LR1 0.86 23.0% 14.3% 62.6% 
5LR2 0.78 16.9% 22.3% 60.9% 
5LR3 0.80 17.9% 20.1% 62.0% 
5LR4 0.80 18.9% 20.4% 60.6% 
5LR5 0.80 19.4% 20.4% 60.1% 
5LV1 0.81 17.4% 18.6% 64.0% 
5LV2 0.84 24.4% 16.1% 59.5% 
5LV3 0.84 22.5% 16.0% 61.5% 
5LV4 0.83 23.0% 16.8% 60.1% 
5LV5 0.85 23.5% 15.0% 61.5% 
6R1 0.79 18.4% 20.9% 60.6% 
6R2 0.84 24.0% 15.7% 60.4% 
6R3 0.79 18.4% 21.1% 60.5% 
6R4 0.86 23.0% 14.3% 62.6% 
6R5 0.81 21.0% 18.8% 60.1% 
6V1 0.82 18.9% 17.9% 63.1% 
6V2 0.86 23.0% 14.3% 62.6% 
6V3 0.82 20.4% 18.4% 61.1% 
6V4 0.86 22.5% 13.8% 63.6% 
6V5 0.86 22.0% 13.8% 64.1% 





* Estimated cation exchange capacity  
pH ECEC* P K
MG X GS SAMPLE ID -cmolc/kg- ppm ppm
MG4R L-1 5.9 14 74 339
MG4R L-2 6.0 13 23 170
MG4R L-3 6.1 12 22 122
MG4R M-1 6.1 12 34 198
MG4R M-2 6.0 11 20 149
MG4R M-3 5.5 11 23 132
MG4R R-1 5.6 13 36 212
MG4R R-2 5.7 12 24 144
MG4R R-3 5.2 14 24 142
MG5E L-1 5.8 12 30 134
MG5E L-2 6.0 12 26 122
MG5E L-3 6.2 11 23 120
MG5E M-1 5.9 10 23 125
MG5E M-2 5.7 12 26 118
MG5E M-3 5.1 13 34 144
MG5E R-1 5.4 11 25 127
MG5E R-2 5.6 11 31 134
MG5E R-3 4.9 13 34 119
MG5L L-1 5.7 12 23 121
MG5L L-2 5.5 12 32 138
MG5L L-3 5.4 12 38 143
MG5L M-1 5.1 12 23 121
MG5L M-2 5.0 12 32 121
MG5L M-3 4.9 13 41 139
MG5L R-1 5.1 12 38 167
MG5L R-2 4.8 13 47 163
MG5L R-3 4.9 13 56 172
MG6 L-1 5.0 12 37 136
MG6 L-2 4.9 13 37 143
MG6 L-3 5.0 12 37 122
MG6 M-1 5.2 13 38 153
MG6 M-2 5.3 11 35 145
MG6 M-3 5.1 12 35 153
MG6 R-1 5.3 12 30 115
MG6 R-2 5.4 12 34 149
MG6 R-3 5.6 11 30 131
Table 2-18 Select Soil Properties and Nutirent Concentrations for 
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SCREENING DIVERSE SOYBEAN GERMPLASM FOR WATER-LOGGING 






III.  ABSTRACT 
 
Soybean is sensitive to water-logging. Symptoms of water-logging include stunted plant growth, 
chlorosis, decreased yields and plant death. This study was conducted to develop and evaluate a 
method to screen soybean for water-logging tolerance (WLT) in the greenhouse. Two screening 
methodologies were used: water-logging and addition of CO2 to the flood water (to displace O2 
and increase CO2 levels) and water-logging without the addition of CO2. The CO2 study was laid 
out and planted in a split-plot experimental design with the whole-plot factor being water-
logging treatment x growth media combination (water-logged x topsoil; water-logged x potting-
mix; and control x potting-mix). Water-logged treatments were flooded above the soil surface for 
2 wk at which time visual ratings were taken on a 0 to 9 scale with 0 being no damage and 9 
being severe damage to plot death.  Differences among genotypes were not significant after 2 wk 
(p=0.845). In the water-logged x topsoil treatment, further observations were taken weekly for 
3wk; differences among genotypes were significant (p=0.004) and visual ratings were strongly 
correlated (r=0.926) with results from the 2010 field study. The study without CO2 was laid out 
and planted in a split-split-plot design with the whole-plot factor being water-logged or control 
and the split-plot factor being topsoil or potting mix. Plots were flooded for 2 wk after which 
visual ratings, plant height and leaf greenness measurements were taken. Significant differences 
between water-logged and non-waterlogged plots were observed for plant height (p=0.0281) and 
visual ratings (p=0.0001); however, only visual WLT ratings had a significant water-logging 
treatment x genotype interaction (p=0.0158). Differences in WLT ratings were significant for 
both growth media (p=0.0274). However, all genotypes showed a similar response to water-




breeding selections. The development of a WLT greenhouse screening methodology would be a 






Soybean is sensitive to water-logging (Sallam and Scott, 1987a, b; VanToai et al., 1994). 
Symptoms of water-logging include chlorosis, stunting, decreased yield and plant death (Sallam 
and Scott, 1987; Sallam and Scott, 1989).Water-logging stress has been observed to result from 
decreased soil O2, increased root zone CO2, and changes in nutrient availability (Sallam and 
Scott, 1987; Boru et al., 2003; Board, 2010). Decreased O2 within the soil has been shown to 
inhibit the activity of the enzyme nitrogenase, and in turn limit the amount of nitrogen provided 
to the soybean plant thought N2 fixation (Bacanamwo and Purcell, 1998). Boru et al. (2003) 
observed elevated root zone CO2 concentrations in fields under water-logged conditions. 
Elevated root zone CO2 levels have been shown to decrease root permeability resulting in 
decreased water uptake and decreased transpiration. Visual symptoms of elevated root CO2 
include wilting, chlorosis, inhibited root growth, and plant death (Boru et al., 2003; Araki, 2006). 
Boru et al. (2003) noted that in soybean grown hydroponically, elevated CO2 levels and not 
diminished O2 was the source of symptoms associated with water-logging. 
Soybean response and tolerance have been observed to be dependent on growth stage, duration 
of water-logging, and soil texture (Sallam and Scott, 1987; Griffith and Saxton, 1988; Sallam 
and Scott, 1989; Rhine et al, 2009). Linkemer et al. (1998) noted that soybean water-logged at 
reproductive growth stages resulted in a greater loss in yield than soybean water-logged at 
vegetative growth stages. However, Linkemer et al. (1998) also noted that changes in 
physiological traits, resulting in yield loss, was not consistent across growth stage.  Rhine et al. 
(2009) observed that WLT, as measured by yield under water-logged conditions, was dependent 




Screening for WLT has been concentrated in the field and has focused on screening for tolerance 
at reproductive growth stages (VanToai et al., 1994; Rhine et al., 2010). Studies on the effects of 
water-logging have been conducted in the greenhouse (Sallam and Scott, 1989; Bacanamwo and 
Purcell, 1999; Boru et al., 2003; Araki, 2006). However, studies in the greenhouse have typically 
used a small number of genotypes (Sallam and Scott, 1989; Bacanamwo and Purcell, 1999; Boru 
et al., 2003; Araki, 2006). 
Publications detailing screening methodology for water-logging tolerance in soybean are limited 
to proceedings from the 2010 American Society of Agronomy, Crop Science. Society of 
America, and Soil Science Society of America (ASA CSSA SSA) presentations, in which 
VanToai et al. (2010) observed that adventitious root development of soybean water-logged for 
10 d at the V1 growth stage can be correlated with WLT. However, the growth stage of soybean 
in field studies that yield under water-logging is correlated to the greenhouse screening was not 
provided. Southern seed companies have developed and adopted greenhouse methods for 
screening soybean for WLT (Dr. Donnie Glover, personal communication, 2009); however, 
methodology, data, and results are not readily available.  
The hypotheses of this study were that: 1) greenhouse water-logging screening methodologies 
can identify soybean genotypes tolerant and susceptible to water-logging 2) genotypes will have 
a similar response to water-logging in the greenhouse and to water-logging in the field. To test 
the hypotheses, the objective of this study was to develop and evaluate a method for screening 





III.  MATERIALS AND METHODS 
 
Experiment I.   
Screening for WLT in an increased CO2 concentration environment in the Greenhouse 
Plant Material 
The WLT greenhouse screening protocol as described by Dr. Glover (Dr. Donnie Glover, 
personal communication, 2009) was evaluated in 2009. The study was conducted in the 
Altheimer Laboratory greenhouse # 3 at University of Arkansas in Fayetteville, Arkansas. Six 
genotypes were selected for the screening based on data from previous WLT field screenings in 
Stuttgart, Arkansas, and Portageville, Missouri with three genotypes that were identified as 
tolerant (91210-25, PI 471931, and N7103) and three identified as susceptible (Jake, Holladay 
and Graham). Growth media used were a vermiculite potting mixture and top soil. Potting mix 
was Sungro® Sunshine Professional Potting Mix #1. Top soil was from the University of 
Arkansas research farm and was a Captina silt loam (~ Oxyaquic Fragiudults). Ten soybean seed 
were sewn in each pot and thinned to six plants per pot after germination. Plants were observed 
daily and irrigation was applied, directly to the surface of the growth media in each pot, per 
requisite need. In order to keep pots submerged, gravel was added to the soil surface of 
submerged pots per Bacanamwo and Purcell (1999). 
Layout and Design 
Soybean was laid out in a split-plot experimental design with whole-plot structured as a 
randomized complete block with three whole-plots: non-flooded x potting-mix, flooded x 




replicated 5 times within each whole-plot treatment and replications were blocked (Figure 3-1.). 
Pots containing potting mix were fertilized with approximately 1 g of Miracle Grow granular 
fertilizer which is stated to contain 24% plant available N. Whole-plot treatments consisted of 30 
15-cm standard plastic greenhouse pots contained within a 2.4 x 1.2-m plastic-lined box, 0.2-m 
deep.  Pot were filled with 1.8 l of growth media with an approximate bulk density of .91 g/cm3 
for top soil and .21 g/cm3for potting mix. Water-logging stress was imposed at V3-V4 growth 
stage by filling the boxes with water until the top of each plot was submerged by approximately 
2.5 cm of water. Per Dr. Glover (Dr. Donnie Glover, personal communication, 2009), CO2 was 
bubbled throughout the flood water using flexible plastic tubing, through holes placed 
approximately every 0.6 m., laid in a serpentine pattern throughout each flooded box and affixed 
to the bottom of the box using bamboo for the duration of the flood. Water-logging stress 
remained until visual symptoms occurred approximately 14 d after the onset of the flood. Initial 
WLT visual ratings were taken on a 0 to 5 scale (5 being no visual symptoms and 0 being plot 
death) and the boxes were drained.  
Data Collection and Analysis 
After the initial visual ratings were taken, it was concluded that further ratings would be taken on 
the topsoil x flooded treatment because the treatment resulted in greater visual symptoms. Visual 
ratings were taken weekly for 3 wk on the topsoil x flooded treatment. Ratings were based on a 0 
to 9 scale per Cornelius (2005) with 0 being no damage and 9 be 90% severely damaged to 
complete plot death.  
Initial visual ratings (0-5 scale) were analyzed with SAS 9.3 (SAS Institute Inc., 2011). PROC 
MIXED was used to evaluate the effects of growth media on WLT and to determine if there were 




WLT ratings taken on the topsoil x flooded treatment. An RCB model was used in PROC 
MIXED to determine the differences in the WLT of genotypes. LSD letters were generated using 
the DIFF statement within the LSMEANS procedure.  
Experiment II.   
The Effects of Water-logging and Two Growth Media on Leaf Greenness, Plant Height, 
and Visual WLT Ratings     
Plant Material 
Six genotypes were evaluated from the greenhouse WLT trial without the addition of CO2 to the 
flood water. The study was conducted in Altheimer Laboratory greenhouse # 3 at the University 
of Arkansas in Fayetteville, Arkansas. Six genotypes, representing tolerant and susceptible 
genotypes, were selected based on 2009 field screening data (Figure 2-8 – 2-10.). Three tolerant 
(91210-350, R08-2464-R082493) and three sensitive (N96-6755, Pickett, R01-4353) genotypes 
were used in the study.  
Layout and Design 
The experimental design was a split-split-plot with five replications. Whole-plot factor is 
treatment (flooded vs. control), split-plot factor is growing media (topsoil vs potting-mix) and 
the split-split-plot factor was genotype. The whole-plot treatments were replicated 5 times and 
replications were blocked (Figure 3-2). Potting mix was Sungro® Sunshine Professional Potting 
Mix #1. Topsoil was a Dewitt silt loam (fine, smectitic, thermic Typic Albaqualfs) collected 
from the top 30 cm of field C2 at the Rice Research and Extension Center in Stuttgart Ar. Three 
composite soil samples were taken from the collected soil, before use in the WLT screening, and 




ranged from a loam to a silt (Table 3-1). To ensure uniform soil texture the soil was evenly 
mixed before use in the WLT screening. Composite samples of soil and growth media were 
taken and submitted to the University of Arkansas Cooperative Extension Service for fertility 
analysis (Table 3-8).  Split-split-plot factors (genotypes) were sewn into 15-cm standard plastic 
greenhouse pots contained within a 2.4 x 1.2-m plastic-lined box, 0.2-m deep.  Pots were filled 
with 1.8 L of growth media with an approximate bulk density of 1.13 g/cm3 for top soil and .21 
g/cm3 for potting mix. Pots were contained in two 1.2 x 2.4-m plastic-lined wooden boxes that 
had been divided into five individual bays, each 19 cm wide x 2.4 m long x 20 cm deep 
separated by a plastic-covered treated wooden board. Water-logging stress was imposed by 
filling each bay with water until the tops of the pots were submerged approximately 2.5 cm 
under water. Flood water was imposed and regulated using a network of 1.9-cm PVC piping 
connected to a central float valve. Flood depth was checked daily and flood water was flushed 
and re-applied every 4 d in order to avoid the accumulation of algae growth.   
Data Collection and Analysis 
Stand counts, plant height, and leaf greenness measurements were taken prior to and 2 wk after 
the onset of water-logging stress. Leaf greenness measurements were taken with a Mintola 
SPAD-502 chlorophyll meter (Mintola, 1989) determine the chlorophyll concentration in the 
uppermost trifoliate leafs. Initial ratings were taken on the uppermost trifoliate leaf, prior to 
flooding, with one measurement per leaf and averaged together. Two weeks post flooding 
measurements were taken on the uppermost trifoliate leafs following the same procedure. Visual 
ratings were taken on each plot after 2 wk of water-logging. Visual ratings were based on a 0 to 9 
scale per Cornelius (2005) with 0 being no damage and 9 being 90% severely damaged to 




Data were analyzed using SAS 9.3 (SAS Institute Inc., 2011). PROC MIXED was used to 
determine if water-logging and or growth media significantly affected visual WLT ratings, plant 
height, and leaf greenness. LSD letters for visual WLT ratings were generated using the DIFF 



















III.  RESULTS AND DISCUSSION 
Experiment I.   
Screening for WLT in an increased CO2 concentration environment in the greenhouse 
Water-logging treatments: water-logging x potting mix (WL x PM), water-logging x topsoil (WL 
x TS), and non-water-logged (NWL) in the initial greenhouse screening methodology (with CO2) 
had a significant (P=0.0003) effect on the mean WLT ratings and there was a significant soil x 
genotype(treatment) interaction (P=0.0268). Visual WLT ratings were generally greater for the 
WL x TS treatment than they were for WL x PM; which may be due to the top soil (.91 g/cm3) 
having a greater bulk desnsity than the potting-mix (.21 g/cm3).  Bulk density has been observed 
to affect soil water desorption and depth of O2 diffusion with soil water desorption and depth of 
O2 diffusion decreasing as bulk density increases. (Gramble and Seimer, 1968). Potting mix with 
a bulk density of .21 g/cm3 would have greater porosity and in turn would have had more O2 
within the growth media at the time of water-logging. However differences between WLT 
ratings of genotypes in Potting-mix may also be due to the incorporation of N fertilizer into 
potting mix at planting. The addition of N fertilizer to water-logged plots has been shown to 
lessen symptoms of water-logging (Bacanamwo and Purcell, 1998). Fertility analysis of potting 
mix and did not indicate agronomicly importance differences in P and K concentations, however, 
the estimated cation exchange capacity for potting mix ( 18 cmolc/kg) was greater than that of 
the top soil (5 cmolc/kg) (Table .  
Differences among genotypes were significant (P=0.0004) for the WL x TS plots that were 
further evaluated for WLT for 3 wk and had a range of 4.33 to 7.99 and an LSD of 1.3, 




Experiment 2      
The effects of water-logging and two growth media on leaf greenness, plant height and 
visual WLT ratings     
Water-logging had a significant effect on overall plant height and visual WLT ratings. However, 
differences in leaf greenness across treatments were not significant nor was there a significant 
treatment x soil x genotype interaction. Leaf greenness is a measurement used to estimate N 
concentrations in the leaves. Nitrogen is mobile within the plant, and visual symptoms of 
deficiency include chlorosis. Visual WLT ratings recorded during this study based on chlorosis 
and stunting were obvious and significant suggesting that the methodology of recording leaf 
greenness measurements was not adequate to measure changes in plant N.  The Minolta SPAD-
502 chlorophyll meter used to measure leaf greenness takes measurements on a relatively small 
area (2 x 3mm) of the leaf. One measurement per leaf for each of the uppermost trifoliate leafs 
may not have been sufficient to represent changes in leaf greenness in the plot as a whole. A 
more robust method of taking leaf greenness measurements, with the Minolta SPAD-502, would 
provide a better representation of changes in leaf greenness due to water-logging and may allow 
for the use of SPAD meters as a selection tool.  
Differences in plant height were observed among genotypes. However, there was not a 
significant treatment x entry nor treatment x entry x soil interaction for plant height, suggesting 
that neither water-logging nor soil fertility signifigantly affected the height of soybean in the 
greenhouse and indicating that, while differences can be seen among genotypes, plant height was 




Differences in visual WLT ratings among genotypes were significant (p=0.0069) and there was a 
significant treatment x soil x entry interaction. Visual WLT ratings were generally greater in 
topsoil (µ=3.36) than in potting mix (µ=2.23), but not for all genotypes. However, while there 
are significant differences in the visual ratings of genotypes, it should be noted that all genotypes 
screened had a similar response to water-logging. While an average visual rating of 4.2 is 
significantly greater than 3.0 within the WL x TS treatment, both responses represent slight 
damage to the plot under water-logging and practical selections for water-logging tolerance 
















III.  CONCLUSIONS AND BREEDING IMPLICATIONS 
In accordance to our hypothesis differences in WLT were observed among genotypes in both 
experiment 1 and 2, although methodology affected results. However, only the WLT ratings in 
the Topsoil x Water-logging treatment in experiment 1 corresponded to WLT ratings from the 
field study.  
Differences in WLT ratings were observed in both experiments; however, visual WLT ratings for 
soybean grown in experiment 1 allowed for the practical selection of genotypes based on 
greenhouse ratings and experiment 2 did not. In experiment 1WLT ratings for genotypes grown 
in topsoil under elevated CO2 concentrations were strongly correlated to (r=0.926) to the visual 
ratings taken in the field during the 2010 growing season, suggesting that the screening 
methodology used in experiment 1  (added CO2) exerts a stress onto soybean similar to that of 
the field conditions in 2010.  Soil and water temperatures and dissolved gases in the flood water 
were not measured; future studies in which field and greenhouse screenings, under elevated CO2 
concentrations, are conducted in concert may allow for further investigation into the physical and 
chemical characteristics of the water-logged environment and their interaction with soybean. 
It should also be noted that while differences were observed in genotypes grown in potting-mix 
in both experiments potting-mix is not a suitable growth media for WLT screenings in the 
greenhouse. Insufficient of plant-available N in potting-mix required the addition of N fertilizer 
at planting to avoid symptoms of nitrogen deficiency in the control treatments in experiment 1. 
In contrast N fertilizer was not added to the potting mix at planting in experiment 2 and signs of 
nitrogen deficiency were noted (Table 3-7); WLT ratings taken on soybean water-logged in 




Figure 3-1. Greenhouse Experiment-1 layout 
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  Denotes greenhouse bench, ratio of benches to treatment boxes is not to scale 
* Each Growth media x Water-logging treatment is housed within a 1.2 m (W) x 2.4 (L) 







Figure 3-2. Greenhouse Experiment-2 Layout         
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Table 3-1. Analysis of variance and P values for the effect of 14 d of water-logging and two 
growth media on visual ratings for water-logging tolerance of six genotypes evaluated for 
water-logging tolerance at the V2 growth stage in the greenhouse under elevated CO2 levels 





Trt* 1 17.93 40.37 <.0001 
GM** 1 30.10 54.05 <.0001 
genotype 5 0.28 0.51 0.7694 
Trt×entry 5 0.21 0.38 0.8635 
MG×genotype(trt) 5 1.67 3.00 0.0173 
Block(trt) 4 0.39 0.70 0.6917 
          
* Two water-logging treatment flooded and non-flooded  









Table 3-2. Analysis of variance and P values for the effect of 14 d of water-logging on 
visual ratings for six genotypes grown in topsoil and evaluated for water-logging tolerance 
at the V5 growth stage in the greenhouse under elevated CO2 levels 
Source of variation DF Mean Square F Value P Value 
     
Genotype* 5 10.80 8.37 0.0004 
Block 4 3.21 2.49 0.08 
MSE         






Table 3-3.  The effect  of  14 d of water-logging on mean water-logging tolerance ratings of 
six genotypes  grown in topsoil evaluated for water-logging tolerance at the V5 growth stage 
in the greenhouse under elevated  CO2 concentrations 
         Genotype                                                                                  Visual Ratings * 
      
  N979658  4.33 a  
  N7103  4.93 a  
  Jake  6.87 b  
  Holladay  7.66 b  
  GRAHAM  7.86 b  
  91210-350  7.9 9b  
* mean visual rating for water-logging tolerance based on a 0 to 9 scale with 0 being no damage 





Table 3-4 Analysis of variance and P values for the effect of 14 d of water-logging and two growth media on 
Water-logging tolerance ratings for six genotypes evaluated for water-logging tolerance at the V2 growth stage 
in the greenhouse 




     
Trt* 1 218.16 178.85 0.0001 
Growth media** 1 1.11 1.37 0.2717 
Trt× growth media 1 5.01 6.18 0.0321 
Genotype*** 5 2.53 3.49 0.0069 
Trt×genotype 5 2.18 3.01 0.0158 
Soil×entry 5 1.92 2.65 0.0293 
Trt× growth media × genotypes 4 2.10 2.9 0.0274 
Block 4 1.91 1.53 0.3446 
Block×trt 4 1.25 1.52 0.2849 
Block×trt× growth media 8 0.82 1.13 0.3507 
          
* Two treatments: 14 d water-logging and control   
** Two growth media: Potting-mix and Topsoil 





Table 3-5 Analysis of variance and P values for the effect of 14 d of water-logging and two growth media on 
plant height for six genotypes evaluated for water-logging tolerance at the V2 growth stage in the greenhouse 
Source DF Mean Square F Value P value 
     
Trt* 1 56.26 10.72 0.0281 
Growth media** 1 66.69 52.58 <.0001 
Trt× growth media 1 9.62 7.15 0.0173 
Genotype 5 37.77 12.23 <.0001 
Trt×genotype 5 5.01 1.62 0.1646 
Growth media×genotype 5 10.30 3.34 0.009 
Trt×growth media×genotype 4 1.36 0.44 0.7789 
Block 4 13.12 2.45 0.2038 
Block×trt 4 5.36 4.82 0.0275 
Block×trt×growth media 8 1.11 0.36 0.939 
          
* Two treatments: 14 d water-logging and control   
** Two growth media: Potting-mix and Topsoil 







Table 3-6 Analysis of variance and P values for the effect of 14 d of water-logging and two 
growth media on relative greenness of the uppermost trifoliate leaves in six genotypes 
evaluated for water-logging tolerance at the V2 growth stage in the greenhouse 
Source DF Mean Square F Value P value 
     
Trt* 1 126.66 3.62 0.1245 
Growth media** 1 1688.99 18.65 0.0023 
Trt×growth media 1 348.97 3.97 0.0789 
Genotype*** 5 155.86 6.1 <.0001 
Trt×genotype 5 28.82 1.13 0.3533 
Growth media × genotype 5 26.82 1.05 0.3953 
Trt× growth 
media*genotype 
4 7.51 0.29 0.8812 
Block 4 51.15 1.44 0.3654 
Block×trt 4 35.44 0.37 0.8247 
Block×trt* growth media 8 96.36 3.77 0.0009 
          
* Two treatments: 14 d water-logging and control   
** Two growth media: Potting-mix and Topsoil 
*** Six genotypes:  91210-350, N96-6755, Pickett,R01-4353, R08-2464, 





Table 3-7  The effect  of  14 d of  the water-logging by growth media interaction on mean water-logging tolerance 
ratings of six genotypes evaluated for water-logging tolerance at the V2 growth stage in the greenhouse 
  Treatment*growth media 
 Non-WL*PM*  Non-WL*TS**  WL*MX***  WL*TS† 




0.0   
 
0.0   
 
2.6   
 
3.0 
N96-6755 0.2  0.0  2.2  3.0 
Pickett 0.4  0.0  1.6  3.0 
R01-4353 0.2  0.0  2.4  . 
R08-2464 0.2  0.0  2.0  4.2 
R08-2493 0.4  0.0  5.0  3.6 
                
* Non-waterlogged treatment*Potting-mix       
** Non-waterlogged treatment*top soil      
*** 14 d of water-logging*Potting-mix      
† 14 d of water-logging*topsoil       
‡   mean visual rating for water-logging tolerance based on a 0 to 9 scale with 0 being no damage and 9 being 90% of the 







pH ECEC* P K
--cmolc/kg--
Captima Silt Loam 5.5 8 54 138
Potting Mix 6 18 31 161
* Estimated Cation Exchange Capacity
-----ppm------
Table 3-8 Chemical and Fertility properties of the two 





Table 3-9 2010 Particle Size Analysis of Soil Collected for Use in Greenhouse 
Experiment 2 
SAMPLE %silt + % clay % Clay %n Sand % Silt Soil Texture 
GH-1 0.54 12.4% 45.7% 41.9% Loam 
GH-2 0.79 17.9% 20.6% 61.5% Silt Loam 
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IV.  CONCLUSIONS AND BREEDING IMPLICATIONS 
Soybean genotypes were identified as tolerant to water-logging in both 2009 and 2010 in field 
screenings, and water-logging tolerance (WLT) was observed to be dependent on the growth 
stage of soybean at the initiation of water-logging. This indicates that there are at least two 
different mechanisms of WLT represented in the diverse germplasm screened. Differences in the 
overall severity of damage due to water-logging in 2009 and 2010 may be due to crop rotation 
and weather conditions. Further research into the effects of temperature and rotational crops on 
WLT could explain differences in WLT ratings across years in previous studies. 
Greenhouse screenings combining water-logging and the addition of CO2 to the flood water 
produced foliar symptoms similar to those observed in the 2010 field study. Further evaluation of 
this methodology is needed; however, if greenhouse results continue to be correlated with field 
screenings, the method could greatly reduce the labor and cost associated with screening soybean 
for WLT. 
Nitrogen fertility of growth media was not measured in the field or greenhouse studies. Due to 
the established relationship of N deficiency and visual symptoms of water-logging stress, N 
fertility of growth media used to screen soybean for WLT should be analyzed in order to better 
evaluate the effects of water-logging on soybeans. 
Water-logging stress is multifaceted and severity of stress is dependent on factors both under the 
control of soybean producers, such as crop rotations and irrigation methods, and outside of their 
control (weather conditions and soil type). It is the opinion of the author that plant breeders 
should concentrate WLT screenings under conditions that produce the most severe damage and 




the ability to reproduce conditions in the greenhouse similar to that in the field provides plant 
breeders with the opportunity to screen for WLT under various conditions and to more accurately 
identify physiological traits associated with tolerance. The identification and incorporation of 
traits associated with water-logging tolerance under diverse growth stages, soil type, rotational 
crops, and weather conditions may allow for plant breeders to develop cultivars with a more 
robust tolerance to water-logging than what can be selected for based on field data alone.  
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